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Abstract: Evaluation of Acute Oxidative Stress
Induced by NiO Nanoparticles In Vivo and In Vitro:
Masanori Horie, et al. Health Research Institute
—Objectives: Nickel oxide (NiO) is an important
industrial material, and it is also a harmful agent. The
toxicity of NiO is size-related: nanoparticles are more
toxic than fine-particles. The toxic mechanism induced
by NiO nanoparticles remains unexplained, and the
relationship between in vitro and in vivo NiO toxicity
results is unclear. In the present study, we focused on
the oxidative stress caused by NiO nanoparticles by
examining and comparing in vitro and in vivo acute
responses induced by NiO nanoparticles. Methods:
Cellular responses induced by black NiO nanoparticles
with a primary particle size of 20 nm, were examined in
human lung carcinoma A549 cells. In vivo responses
were examined by instillation of NiO nanoparticles into
rat trachea. Bronchoalveolar lavage fluid (BALF) was
collected after intratracheal instillation at different time
points, and concentrations of lipid peroxide heme
oxygenase-1 (HO-1), surfactant protein-D (SP-D) and
lactate dehydrogenase (LDH) in BALF were measured.
Results: The levels of intracellular reactive oxygen
species and lipid peroxidation in A549 cells increased
with increasing exposure to NiO nanoparticles, and
increases in gene expressions of HO-1 and SP-D were
observed in A549 cells. The lipid peroxide level in BALF
significantly increased after 24 h instillation but
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decreased three days later. LDH leakage was also
observed three days later. Conclusions: NiO
nanoparticles induce oxidative stress-related lung injury.
In vivo and in vitro oxidative stress was induced resulting
in activation of antioxidant systems. Based on these
responses, we conclude that the results of the in vivo
and in vitro studies tend to correspond.
(J Occup Health 2011; 53: 64–74)
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Nickel oxide (NiO) is an important material used for
electronic components, catalysts and ceramic materials.
It is also known that nickel compounds (including NiO)
have harmful effects. Nickel compounds are classified as
class 1 carcinogenic material by the International Agency
for Research on Cancer (IARC Monographs on the
Evaluation of Carcinogenic Risks to Humans, Volume 49,
1990). In general, NiO is classified as having relatively
lower toxicity than other nickel compounds1, 2). The main
cause of nickel toxicity is the nickel ion, so the solubility
of nickel compounds is an important factor in their
toxicities. For example, the solubility of NiO is lower
than that of nickel subsulfide (Ni3S2) and the toxicity of
NiO is lower than that of Ni3S23). In regard to particle size,
NiO nanoparticles have a higher solubility than fine
particles4). NiO nanoparticles release more Ni2+ per weight
than fine particles; thus, the toxicity of nanoparticles is
greater than that of fine particles. Also, in vitro
examinations have revealed that cellular uptake of NiO
nanoparticles allows release of Ni2+ within the cell4).
Namely, the cytotoxicity of NiO nanoparticles is caused
by dissolution of the particles inside cells. In addition,
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NiO nanoparticles induce stronger oxidative stress than
fine-particles5).
Oxidative stress is an important factor for the risk
assessment of NiO nanoparticles6). It is also a factor
involved in health and disease: aging, neurological
disorders (e.g., Alzheimer’s disease, Parkinson’s disease)7),
diabetes and arteriosclerosis8). It has been reported that
oxidative stress is also linked to carcinogenesis due to gene
alteration9). In many carcinogenesis models, the level of
major modified base produced by oxidative stress,
8-OHdG10, 11), increases in target organs12). Hydrogen
peroxide (H2O2) is a strong oxidant produced chemically
and enzymatically in vivo and reacts with metals to
produce reactive species such as hydroxyl radicals, and
metal–hydroperoxo complexes which injure DNA by
oxidation13, 14). DNA is also injured by peroxy radicals and
singlet oxygens15).
In an organism exposed to oxidative stress, lipids,
nucleic acids and proteins are attacked and the oxide
molecules described above are produced16). Simultaneously,
anti-oxidative responses such as production of glutathione
and expression of heme oxygenase-1 (HO-1) are
activated17, 18). Inhalation of asbestos and crystalline silica
induce severe oxidative stress and subsequent expression
of HO-119, 20). Detection of the level of oxidative stress is
an important factor in forecasting a disease. If oxidative
stress is weak and acute, there is a decrease in the
production of biomolecules. On the other hand, persistent
and strong oxidative stress causes sickness due to failure
of the defense system21).
Among biomolecules, highly unsaturated fatty acids are
readily oxidized22). Lipid peroxide (LOOH) is produced
by the reaction of an unsaturated fatty acid with reactive
oxygen species (ROS). In vivo, polyunsaturated fatty acids
such as linoleic acid and arachidonic acid preferentially
undergo hydroperoxidation23). Linoleic acid is an abundant
lipid in vivo and its free radical-mediated oxidation
produces hydroperoxy octadecadienoate (HPODE) as the
primary product. Yoshida and Niki proposed the
measurement of total hydroxyoctadecanoic acid (tHODE)
as a biomarker of oxidative stress in vivo24). Hydroperoxides
and ketones as well as hydroxides of both free and ester
forms of linoleic acid are measured as tHODE. The level
of tHODE is related to various diseases25–28). Carbon
tetrachloride, which is a strong inducer of free radicals,
induced a drastic increase in the level tHODE in rodent
livers29). Also, lipid peroxidation was observed in cells
exposed to metal oxide nanoparticles30).
In vivo inhalation of NiO induced severe toxic effects
such as inflammation and collagen deposition in the
lung31–33). Although some investigations of the toxic effect
of nanoparticles in vivo have been performed34, 35), details
of biological responses induced by NiO nanoparticles are
still unclear. In vitro examinations are important and
essential for clarification of toxic mechanisms. However,
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the relationship between in vitro and in vivo examinations
is also unclear. In general, nanoparticles have higher
physical and chemical activity than fine particles because
of their higher surface area per weight. The industrial
advantages and increase in usage of nanoparticles also
means an increase in potential biological effects and toxic
risks.
In this study, we examined the biological responses
induced by exposure to NiO nanoparticles in vivo and in
vitro, focusing particularly on the biological response of
oxidative stress.

Materials and Methods
Cell culture
Human lung carcinoma A549 cells were purchased from
the Riken BioResource Center (Tsukuba, Ibaraki, Japan).
Cells were cultured in Dulbecco’s modified Eagle medium
(DMEM; Gibco, Invitrogen Corporation, Grand Island,
NY) and supplemented with 10% heat-inactivated fetal
bovine serum (FBS; CELLect GOLD; MP Biomedicals
Incorporated, Solon, OH), 100 units/ml of penicillin, 100
µg/ml of streptomycin, and 250 ng/ml of amphotericin B
(Nacalai Tesque Incorporated, Kyoto, Japan). In the
present study, this DMEM cocktail is called “DMEMFBS”.
Cells were cultured in DMEM-FBS and incubated at
37°C, under 5% CO2 in air. For cellular experiments, cells
were seeded at 2 × 105 cells/ml in 6-well multidishes
(Corning Incorporated, Corning, NY) and incubated for
24 h. Then the medium was changed to a NiO dispersion,
and incubated for another 24 h.
In some experiments, the cells were pre-treated with
α-tocotrienol (Eisai Co., Ltd. Tokyo, Japan) and
N-acetylcysteine (NAC; Sigma-Aldrich, St. Louis, MO).
The cells were seeded at 1 × 105 cells/ml and incubated
for 24 h. Subsequently, the medium was changed to fresh
medium containing 5 µM α-tocotrienol and 2 mM NAC
and incubated for another 24 h. Then, the medium was
removed, and exposed to the NiO dispersion containing 5
µM α-tocotrienol and 2 mM NAC and incubated for
another 24 h.
Nickel oxide particles and preparation of NiO
dispersion
NiO (black) nanoparticles were purchased from
Nanostructured and Amorphous Materials, Inc. (Houston,
TX). According to the manufacturer’s data sheet, the
primary particle size and specific surface area were 20 nm
and 50–80 m2/g, respectively. NiCl2 was purchased from
Wako Pure Chemical Industries, Limited (Osaka,
Japan).
For cellular experiments, a stable and uniform NiO
culture medium dispersion was prepared by pre-adsorption
and centrifugation as previously described36). To prevent
cell starvation due to adsorption of medium components

66

onto the surface of NiO nanoparticles, NiO nanoparticles
were pre-treated with FBS (80 mg/ml). Then, the
secondary particle sizes were adjusted by centrifugation.
For animal experiments, 1 g of NiO powder was
dispersed in 200 ml of endotoxin-free distilled water. NiO
particles were dispersed by ultrasonication for 10 min;
then, the dispersion was cooled for 10 min on ice.
Ultrasonication and cooling were repeated nine times. The
particle size was adjusted by centrifugation at 10,000 × g
for 20 min and filtration with a 1-mm membrane filter.
The NiO concentration was adjusted with distilled water.
Endotoxin activities in the dispersion and distilled water
were negative as detected by the Limulus Amebocyte
Lysate Assay (Pyrotell: Associates of Cape Cod,
Incorporated, East Falmouth, MA). The concentration of
NiO in the dispersion was measured in the solid mass
measuring after drying the dispersion at 200°C for 3 h.
The size distribution of NiO particles in the dispersion was
measured by dynamic light scattering (DLS) using a
Zetasizer Nano machine (Malvern Instruments Limited,
Malvern, United Kingdom).
The Ni2+ concentrations in NiO dispersions were
determined by colorimetry using 2-(5-bromo-2pyridylazo)-5-[N-n-propyl-N-(3-sulfopropyl)amino]
aniline (5-Br-PSAA) (Dojindo Laboratories, Kumamoto,
Japan), in accordance with the procedure outlined by Ohno
et al.37). NiO dispersions or cell culture supernatants were
centrifuged at 16,000 ×g for 20 min, and the supernatant
was carefully collected. After suitable dilution of the
supernatant, 50 µl of supernatant and 50 µl of 1 mM 5-BrPSAA were added to 2.9 ml of buffer solution (60 mM
KH2PO4, 20 mM Na2B4O7 10H2O, 0.2% Tiron, pH 6.9).
The solution was mixed well, and its absorbance at 568
nm was measured using a DU530-spectrophotometer
(Beckman Coulter Inc., Miami, FL). The Ni2+ concentration
was estimated from the standard curve for nickel standard
solutions (Wako Pure Chemical Industries).
Characterization of the NiO-DMEM-FBS dispersion for
in vitro examinations
The NiO-DMEM-FBS dispersion prepared by the
method described above was divided into three parts that
were used for simultaneous biological experiments, nickelconcentration measurements, and particle-size
measurements. The secondary particle size of the NiODMEM-FBS dispersion was measured by DLS in the same
way as described previously 38) . The total nickel
concentration was measured by X-ray fluorescence
analysis (XRF). Thirteen milliliters of metal oxideDMEM-FBS dispersion were added to 13 ml of standard
solution including 0.1 mg/ml of Fe as an internal standard
element and mixed well. Five milliliters of the mixture
were dried in an oven at 200°C for 24 h. The dried sample
was ground in an agate mortar and XRF was performed
using an energy dispersive X-ray fluorescence spectrometer
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JSX-3201 (Jeol Limited, Tokyo, Japan). The amount of
nickel was estimated from the molar ratio of nickel and
the internal standard. The concentration of soluble nickel
was measured by inductively coupled plasma mass
spectrometry (ICP- AES) (ICP; SPS 4000, Seiko
Instruments Inc., Chiba, Japan) with ultrafiltration. To
completely remove the particulate nickel, the dispersion
was allowed to stand for 24 h. Then, 10 ml of the
dispersion was applied to the ultrafiltration membrane
(molecular weight cutoff was 50,000: Vivaspin 20–50k,
GE Healthcare UK Limited, Buckinghamshire, United
Kingdom) and centrifuged at 6,000 × g for 60 min. The
membrane was washed thrice with 5 ml of Milli-Q water,
and the amount of nickel in the filtrate was measured by
ICP-AES.
Measurement of intracellular oxidative stress
Intracellular ROS were detected using
2’,7’-dichlorofluorescin diacetate (DCFH-DA; Sigma–
Aldrich, St. Louis, MO). DCFH-DA was dissolved in
dimethyl sulfoxide (DMSO) at 5 mM as a stock solution
and stored at –20°C. When used in an experiment, it was
diluted 500 times with serum-free medium. After exposure
of the cells to NiO dispersion for 24 h, the medium was
changed to serum-free DMEM that included 10 µM of
DCFH-DA and incubated for 30 min at 37°C. Cells were
then washed once with PBS, collected by 0.25%
trypsinization, washed once with PBS, and resuspended
in 500 µl of PBS. Cell samples in PBS were excited with
a 488-nm argon ion laser in a Cytomics FC500 flow
cytometry system (Beckman Coulter, Inc., Brea, CA), and
the emission of 2’,7’-dichlorofluorescein (DCF) was
measured at 525 nm. Data were collected from at least
5,000 gated events.
Intracellular hydroperoxide was detected using
diphenyl-1-pyrenylphosphine (DPPP; Dojindo
Laboratories, Kumamoto, Japan). DPPP was dissolved in
DMSO at 5 mM as a stock solution and stored at –20°C.
When used in an experiment, it was diluted 100-times with
serum-free medium. After exposure of the cells to NiO
dispersion for 24 h, the medium was changed to serum-free
DMEM that included 50 µM of DPPP and incubated for
30 min at 37°C. Cells were then washed once with PBS,
harvested by trypsinization, washed once with PBS, and
resuspended in 3 ml of PBS. Cell samples in PBS were
excited with a 351-nm argon ion laser and the emission of
DPPP oxide was measured at 380 nm using an RF-5300PC
spectrofluorophotometer (Shimadzu Corporation, Kyoto,
Japan). After measurement, the cells were collected and
measured for protein concentration. DPPP oxide
fluorescence was compensated for by cellular protein
concentration.
Analyses of tHODE were carried out according to the
method of Yoshida et al.39), with some modification using
liquid chromatography coupled to quadrupole mass
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spectrometry (LC–MS/MS). tHODE includes free and
ester forms of hydroperoxides and ketones as well as
hydroxides of linoleic acid. For internal standards,
13-S-hydroxy-10E, 12Z-octadecadienoic-9, 10, 12, 13-D4
acid (13-HODE-D4) were obtained from Cayman Chemical
Company (Ann Arbor, MI). Other materials were of the
highest commercial grade available. Cells exposed to NiO
nanoparticles were collected by 0.25% trypsinization,
washed once with PBS, and resuspended in 0.5 ml of PBS.
Methanol (0.5 ml) including 5 µl (50 ng) of each internal
standard was added to 0.5 ml of cell suspension. To reduce
the concentration of hydroperoxides and ketones in the
solution, 20 mg of sodium borohydride was added and
kept under an atmosphere of nitrogen for 5 min. The
reduced sample was mixed with 1 M potassium hydroxide
in methanol (0.5 ml) under a nitrogen atmosphere and
incubated for 30 min in darkness at 40°C on a shaker.
After the sample was chilled on ice, the sample was
neutralized with 2 ml of 10% acetic acid. Five milliliters
of chloroform–acetic ether (4:1) were added to the
neutralized sample and vortex-mixed for 30 s. The sample
was centrifuged at 3,000 × g for 10 min at 4°C, and the
upper layer and proteins were removed by aspiration.
After the extract was dried by a rotary evaporator, it was
re-solved in 300 µl of methanol–water (70:30) and
subjected to liquid chromatography using a LC-20AB
system (Shimadzu Corporation, Kyoto, Japan) equipped
with a quadrupole mass spectrometer (Finnigan TSQ
Quantum Discovery Max; Thermo Fisher Scientific Inc.,
Waltham, MA). A Hypersil Gold column (25003-102130,
100 mm × 2.1 mm, 3-µm particle size, Thermo Scientific)
was used.
Determination of glutathione (GSH) content
Intracellular GSH content was determined enzymatically
using 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB),
according to the method of Anderson40). Treated cells (1.7
× 105 cells) were harvested by trypsinization, washed with
cold PBS and resuspended in 190 µl of PBS. An equal
volume of ice-cold 10% trichloroacetic acid (TCA) was
added to 150 µl of the cell suspension; then, cell samples
were vortex-mixed for 1 minute and centrifuged at 1,000
× g for 15 min. The treated supernatant was mixed with
0.2 M phosphate buffer (pH 7.5) containing 5 mM EDTA,
0.2 mM NADPH, and 1.0 U/ml GSH reductase, and
maintained at 37°C. Absorbance at 412 nm was measured
following the addition of 1.0 mM DTNB. The GSH
content was calculated using reduced GSH (Nacalai
Tesque, Kyoto, Japan) as the standard.
Real-time polymerase chain reaction
The expression of target genes was determined using
Real Time-PCR. Total RNA was isolated from cells using
the RNeasy mini kit (Qiagen GmbH, Hilden, Germany).
cDNA synthesis was carried out with a High Capacity
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cDNA Reverse Transcription kit (Applied Biosystems,
Carlsbad, CA). Real Time-PCR was conducted using a
Step One Real Time-PCR system (Applied Biosystems),
and PCR amplification was detected with power SYBR
Green PCR master mix (Applied Biosystems). Human
ribosomal protein L32 (RiboL32) was used as an
endogenous control. The primers for amplification were:
RiboL32, 5’-GTA ACT GGC GGA AAC CCA-3’
(forward), 5’-AGA TCT GGC CCT TGA ATC TTC-3’
(reverse); HO-1, 5’-GGG TGA TAG AAG AGG CCA
AGA CT-3’ (forward), 5’-AGC TCC TGC AAC TCC TCA
AAG A-3’ (reverse); SP-D, 5’- ACA CAG GCT GGT
GGA CAG TTG-3’ (forward), 5’-TTG CAA GGC GGC
ATT CTC-3’ (reverse).
Animals and intratracheal instillation
All animal experiments were approved by the
Institutional Animal Care and Use Committee of National
Institute of Advanced Industrial Science and Technology
(AIST).
Eight-week-old male Wistar rats were obtained from
CLEA Japan, Incorporated (Tokyo, Japan). Rats were fed
a standard diet and they were allowed to acclimatize to
the environment for one week before experimentation.
A NiO dispersion at a concentration of 0.2 mg per 0.4 ml
was administered to rats by a single intratracheal instillation.
Control rats were given only 0.4 ml of distilled water. Each
group included at least four rats. At 1, 4, 24 and 72 h and
1 wk after exposure, rats were anesthetized by intraperitoneal
injection of pentobarbital sodium (Nembutal: Dainippon
Sumitomo Pharma Co., Ltd., Osaka, Japan). At autopsy,
blood was taken from the abdominal aorta; then, the lung
was perfused with saline. Bronchoalveolar lavage fluid
(BALF) was recovered by administering 5 ml of saline into
the right lung while clamping the left main bronchus. The
injection and recovery of saline was repeated thrice, and
BALF of a total volume of 15 ml was collected. BALF was
centrifuged at 1,500 rpm for 10 min to remove cell debris.
The supernatant was collected and used for the measurement
of markers.
Measurement of biomarkers in BALF
Analyses of tHODE were performed using liquid
chromatography coupled to quadrupole mass spectrometry
(LC–MS/MS). Methanol (0.5 ml) including 5 µl (50 ng)
of each internal standard was added to 0.5 ml of BALF.
The following assays were carried out as well as
measurement of the cultured cells.
The concentration of lactate dehydrogenase (LDH) in
BALF was measured with a tetrazolium salt using a
Cytotoxicity Detection KitPLUS (LDH) (Roche Diagnostics
GmbH, Mannheim, Germany) according to the
manufacturer’s instructions. The amount of formazan salt
formed was measured at 492 nm using a Multiskan Ascent
plate reader (Thermo Labsystems, Helsinki, Finland).
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LDH activity was estimated by a standard curve obtained
from known concentrations of LDH from porcine heart
(Serva Electrophoresis GmbH, Heidelberg, Germany).
HO-1 concentration in BALF was detected by enzymelinked immunosorbent assay (ELISA) using a Rat Heme
Oxygenase-1 EIA Kit (Takara Bio Incorporated, Otsu,
Japan). The concentration of surfactant-associated protein
D (SP-D) in BALF was measured using an ELISA kit for
rat SP-D (Uscn Life Science Incorporated, Wuhan,
China).
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Statistical analysis
Data are presented as means ± S.D. of at least three
separate experiments. Statistical analyses were performed
using the unpaired t-test or analysis of variance (ANOVA)
using the Dunnett or Tukey tests for multiple comparisons.
The calculation method used is described in each figure
legend.

Results
Cellular responses induced by NiO nanoparticles
The NiO nanoparticles dispersion medium prepared for
in vitro experiments included secondary particles whose
average sizes, estimated by distributions based on light
intensity and number, were approximately 130–180 nm
and 70–110 nm, respectively.
The dispersion had a monomodal size distribution. The
light scattering intensity of the NiO dispersion medium
did not change over the experimental period, so the NiO
dispersion medium used in the in vitro experiments was
stable. The dispersed NiO medium contained 106.6 µg/
ml of NiO and 45.8 µg/ml of ionized Ni2+.
Human lung carcinoma A549 cells were incubated in
the NiO dispersion medium, and at 2, 6, 12 and 24 h of
incubation, the intracellular ROS level was measured (Fig.
1). The fluorescent intensities of cells not exposed to NiO
and incubated for 2, 6, 12 and 24 h were 21.8, 20.9, 16.1
and 20.1, respectively, without significant differences.
Compared with unexposed cells, the intracellular ROS
level of NiO-exposed cells was significantly increased 2
h after exposure. Subsequently, the intracellular ROS level
had decreased at 6 h of exposure. The intracellular ROS
level of cells at 6 h of exposure to NiO nanoparticles was
significantly lower than that of unexposed cells. Compared
with 6 h of exposure, the intracellular ROS level of cells

Fig. 1. Intracellular ROS levels of cells exposed to NiO
nanoparticles. (A) A549 cells were incubated in the
NiO–DMEM–FBS dispersion. Intracellular ROS levels
were measured by the DCFH method after exposures of
2, 6, 12 and 24 h. Intracellular ROS levels are shown
relative to the values of unexposed cells. The
concentration of extracellular Ni2+ was 50 µg/ml. The
concentration of NiO particles was 106.6 µg/ml. The
intracellular ROS levels of cells exposed to NiCl2
solution were also measured as a control for extracellular
Ni2+. (B) Effects of anti-oxidants on intracellular ROS
levels. The A549 cells were pre-treated with 5 µM
α-tocotrienol (α-Toc-3) and 2 mM of NAC for 24 h.
Then the cells were exposed to the NiO DMEM-FBS
dispersion for 24 h. Significant differences are shown
in the figure (vs. unexposed cells, ANOVA, Dunnett).
#
indicates significantly lower than unexposed cells.
* indicates significantly higher than unexposed cells.
**, ##: p<0.01, *, #: p<0.05.
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exposed to NiO nanoparticles had increased again at 12 h
of exposure. The intracellular ROS level of cells exposed
to NiO nanoparticles at 24 h of exposure was significantly
higher than that of unexposed cells. The intracellular ROS
level of cells exposed to NiO nanoparticles showed a
decrease from 2 to 6 h of exposure, followed by an increase
from 6 to 24 h of exposure. At 24 h of NiO exposure, the
intracellular ROS level of cells exposed to NiO
nanoparticles was 1.5 times higher than that of unexposed
cells.
The influence of extracellular Ni2+ on intracellular ROS
level was also examined (Fig. 1A). The intracellular ROS
level of NiCl2-exposed cells showed a similar dynamic
state to NiO-exposed cells. The influence of NiCl2 on cells
was weaker than that of NiO nanoparticles. Even when
the extracellular Ni2+ concentration was similar (~50 µg/
ml), the intracellular ROS level did not significantly
increase in cells exposed to NiCl2 for 24 h. The decrease
in the intracellular ROS level at 6 h of exposure was
dependent upon the extracellular Ni2+ concentration.
The increase in intracellular ROS levels was reduced
by pre-treating the cells with antioxidants, 5 µM of
α-tocotrienol and 2 mM of NAC (Fig. 1B). NAC is readily
taken up by cells and subsequently acts as a source of
cellular GSH. α-Tocotrienol acts as lipophilic radical
scavenger. Treatment with α-tocotrienol, which has higher
cellular uptake efficiency41) than α-tocopherol, suppressed
the raised intracellular ROS levels induced by NiO
nanoparticles. This result supports the hypothesis that
increases in intracellular ROS levels are caused by cellular
uptake of NiO nanoparticles.
Intracellular lipid peroxidation levels in cells exposed
to NiO or NiCl2 were measured (Fig. 2A). The intracellular
lipid peroxidation level followed a similar dynamic to the
intracellular ROS level, i.e., the intracellular lipid
peroxidation level increased, subsequently decreased, and
then increased again. The oxidation products of fatty acids
were examined. The oxidation product of linoleic acid,
tHODE, was increased in cultured cells by exposure to
NiO for 24 h (Fig. 2B). Exposure to NiCl2 did not induce
an increase in the tHODE level of cells.
The intracellular level of GSH was reduced by exposure
to NiO nanoparticles and NiCl2 for 24 h (Fig. 3A). The
gene expression level of HO-1 (which has antioxidative
activity) was increased significantly at 6 and 24 h of
exposure to NiO and NiCl2 (Fig. 3B). The gene expression
level of SP-D was increased at 24 h of exposure.
These results suggest that oxidative stress is induced by
NiO nanoparticles and the antioxidant systems of cells are
activated by this oxidative stress.
Analysis of BALF obtained after the intratracheal
instillation of NiO nanoparticles
Next, we examined the biological responses induced by
NiO nanoparticles in vivo. A dispersion of NiO in water
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Fig. 2. The lipid peroxidation of cells exposed to NiO
nanoparticles. (A) A549 cells were incubated in the
NiO-DMEM-FBS dispersion. Intracellular lipid
peroxidation levels were measured by the DPPP method
after exposures of 2, 6, 12 and 24 h. Lipid peroxidation
levels are shown relative to the values of unexposed
cells. (B) tHODE levels in cells exposed to NiO
nanoparticles. A549 cells were incubated in the NiODMEM-FBS dispersion. Concentrations of tHODE
were measured by LC-MS/MS after exposures of 2, 6,
12 and 24 h. Levels of tHODE are shown relative to the
values of unexposed cells. The concentration of
extracellular Ni2+ was 50 µg/ml. The concentration of
NiO particles was 106.6 µg/ml. tHODE levels of cells
exposed to NiCl2 solution were measured as a control
for extracellular Ni2+. Significant differences are shown
in the figure (vs. unexposed cells, ANOVA, Dunnett).
“*” indicates significantly higher than unexposed cells
(**: p<0.01, *: p<0.05).

was prepared for the in vivo experiments. The size of the
NiO particles was measured by the DLS technique, and
the mean particle sizes, estimated by the distributions
based on light intensity and number, were 39.05 nm and
27.11 nm, respectively. The NiO dispersion was instilled
into the trachea of rats at 200 µg per rat. The maximum
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concentration of NiO in the lung was 500 µg/ml. BALF
was collected at 1, 4, 24, 72 h (3 days) and 168 h (7 days)
after intratracheal instillation. Compared with control
animals, LDH activity in the BALF was significantly
increased at 3 and 7 days after instillation (Fig. 4).
Although LDH activity in the BALF obtained from NiOinstilled animals tended to increase 24 h after instillation,
a significant difference was not observed. The relative
levels of tHODE in BALF were significantly increased
compared with the control 24 h after instillation of NiO
nanoparticles (Fig. 5). In particular, the concentration of
tHODE in BALF was higher than the control from 24 h
to 3 days after instillation. The time-dependent change of
the tHODE level induced by NiO exposure in BALF
showed a similar tendency to that observed in vitro.
The antioxidant responses of NiO-instilled rats were
also examined. The concentration of HO-1 protein in
BALF increased 24 h and 3 days after instillation. The
concentration of SP-D in BALF increased 3 days and 7
days after instillation (Fig. 6). HO-1 is a well-known
oxidative stress response enzyme, and HO-1 and SP-D
have antioxidant properties42, 43). These results suggest that
intratracheal instillation of NiO nanoparticles induced
oxidative stress and subsequent lung injury, and that an
antioxidant defense system was simultaneously
activated.
The results obtained in the in vivo experiments
conformed to the results obtained in the in vitro
experiments.

Discussion
It was reported that intratracheal instillation of NiO

Fig. 3. Cellular responses related to antioxidation induced by
exposure to NiO nanoparticles. (A) Intracellular
glutathione levels of cells exposed to NiO nanoparticles.
A549 cells were incubated in the NiO-DMEM-FBS
dispersion. Intracellular GSH levels were measured
after 6 and 24 h of exposure. The concentration of
extracellular Ni2+ was 50 µg/ml. The concentration of
NiO particles was 106.6 µg/ml. GSH levels of cells
exposed to NiCl2 solution were exposed cells was
measured as a control for extracellular Ni2+. (B) Gene
expression of HO-1 and SP-D in cells exposed to NiO
nanoparticles. A549 cells were incubated in the NiODMEM-FBS dispersion. Gene expressions of HO-1
and SP-D were measured by real-time PCR after
exposures of 2, 6 and 24 h. The concentration of
extracellular Ni2+ was 50 µg/ml. The concentration of
NiO particles was 106.6 µg/ml. The plotted values are
relative values: HO-1/RiboL32 and SP-D/RiboL32 of
the unexposed cells are 1.0, respectively. Significant
differences are shown in the figure (vs. unexposed cells,
ANOVA, Dunnett). * indicates significantly higher
than unexposed cells (**: p<0.01).
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Fig. 4. LDH activity in BALF after intratracheal instillation of
NiO nanoparticles into rats. BALF was collected 1 h, 4
h, 24 h, 3 days and 7 days after instillation of 0.4 ml of
the dispersion containing 200 µg of NiO nanoparticles.
LDH activity was then measured. The control group
was given only 0.4 ml/rat of distilled water. Significant
differences between NiO-instilled rats and the control
rats are indicated in the figure (unpaired t-test).

Fig. 5. Lipid peroxidation level in BALF after intratracheal
instillation of NiO nanoparticles into rats. BALF was
collected 1 h, 4 h, 24 h, 3 days and 7 days after instillation
of 0.4 ml of the dispersion containing 200 µg of NiO
nanoparticles. The concentration of tHODE was then
measured. The control group was given only 0.4 ml/rat
of distilled water. Levels of tHODE are shown relative
to the control. Significant differences between the NiOinstilled rats and control rats are indicated in the figure
(unpaired t-test).

nanoparticles induced expression of inflammation-related
cytokines44). In the present study, the relationship between
the oxidative stress induced by NiO particles in vitro and
in vivo was examined.
Exposure of NiO nanoparticles induced oxidative stress
and activation of antioxidant systems in cultured cells in
vitro and rat lungs in vivo. In cultured cells, DCF
fluorescence, DPPP oxide fluorescence and tHODE levels
were significantly increased by exposed to NiO

Fig. 6. Concentrations of HO-1 and SP-D in BALF after
intratracheal instillation of NiO nanoparticles into rats.
BALF was collected 1 h, 4 h, 24 h, 3 days and 7 days
after instillation of 0.4 ml of the dispersion containing
200 µg of NiO nanoparticles. The concentrations of
HO-1 and SP-D were then measured. The control group
was given only 0.4 ml/rat of distilled water. Significant
differences between the NiO-instilled rats and control
rats are indicated in the figure (unpaired t-test).

nanoparticles. DPPP oxide fluorescence and tHODE
levels indicate lipid peroxide and oxidized linoleic acid
levels in the cell, respectively. DPPP has high lipophilicity,
and thus, selectively detects lipid peroxide at the
biomembrane 45) . These results indicate that NiO
nanoparticles induce intracellular ROS generation at the
cytosol and then lipid oxidization at the biomembrane. It
has been suggested that Ni2+ generates ROS by a Fentonlike reaction46). If this were the case, then the following
chain of events would occur: NiO releases Ni2+ and Ni2+
generates ROS; subsequently ROS oxidize biomolecules
such as lipids. On the other hand, oxidative stresses drove
antioxidation systems. The HO-1 gene expression level
increased at 24 h after intratracheal instillation of NiO,
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and then decreased at 3 days and 1 wk after instillation.
Compared with HO-1 expression, the SP-D gene
expression level increased at 3 days and 1 wk after NiO
instillation. HO-1 is known as a major stress-response
protein, and its gene expression is induced by various
stresses. Oxidative stress induces gene expression of
HO-1 via Nrf217). HO-1 catalyzes the degradation of heme,
producing biliverdin, iron, and carbon monoxide.
Biliverdin and bilirubin (the reduced product of biliverdin)
have strong antioxidant activities47). Also, it is known that
SP-D has an antioxidative activity43). We hypothesize that
two steps are involved in the oxidative stress loading
mechanism induced by NiO nanoparticles. First, primary
oxidative stress occurs, 24 h after instillation, due to the
direct effect of NiO nanoparticles, released Ni2+ and
subsequent generation of ROS by Fenton-like reaction.
In this first phase, the induced expression of HO-1 removes
the oxidative stress, resulting in temporal reduction of
oxidative stress and avoidance of lung injury, indicated by
LDH release. The secondary oxidative stress occurred at
3 days and later after instillation of NiO nanoparticles and
is caused by indirect effects. This later event is induced
by secretion of proinflammatory cytokines and subsequent
macrophage accumulation. Actually, at 3 days after
intratracheal instillation of NiO nanoparticles, the secretion
of inflammatory cytokines, and infiltration of alveolar
macrophages and neutrophils were observed 44). We
consider that HO-1 expression was reduced with the
weakening of the primary oxidative stress. In contrast,
SP-D was induced by a continuous oxidative stress which
could not be removed from the antioxidation system in the
first phase. According to the results of our in vitro
experiments, SP-D gene expression occured later than
HO-1 gene expression. After 24 h exposure to NiO
nanoparticles, the tHODE level and HO-1 gene expression
increased in both the in vitro and in vivo experiments.
Increase of the intracellular ROS level at 2 h of exposure
was caused by NiO nanoparticles or released Ni2+. The
first antioxidation system, HO-1, had not been activated
by 2 h of exposure as shown in Fig. 3. After 6 h exposure,
HO-1 gene expression had increased and cells were
supplied with sufficient amounts of GSH. Therefore,
intracellular ROS decreased at 6 h exposure. HO-1 gene
expression did not decrease in cultured cells because NiO
particles or Ni2+ cannot be cleared from an in vitro system,
whereas the number of antioxidant molecules, e.g. GSH,
HO-1 and SP-D, is limited in vitro. As fresh antioxidants
are not supplied to culture media and cells, the continuous
oxidative stress induced by nickel compounds will
eventually overcome the cellular defense system in vitro.
Continuous ROS generation will lead to failure in the
cellular antioxidant system. For example, GSH depletion
(Fig. 3(A)), would lead to an increase in the intracellular
ROS level. Although “secondary oxidative stress” does
not occur in cultured cells without macrophages, it would
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be predictable by “primary oxidative stress.”
Exposure to NiO nanoparticles induced oxidative
stresses in vivo and in vitro. As a result, the oxidation
products of biological molecules such as lipid peroxide
were produced. tHODE levels in cells and BALF were
increased by exposure to NiO nanoparticles. Linoleic acid
(which is the starting material of tHODE) is one of major
unsaturated fatty acids in the rat lung48) which is comprised
of approximately 20% of linoleic acid. Moreover, since
tHODE is water soluble, produced tHODE easily dissolves
in BALF. Since antioxidative systems such as GSH, HO-1
and SP-D were activated, it can be said that the induction
of oxidative stress is the result of an acute reaction. In the
present study, we revealed the acute responses are induced
by NiO nanoparticles in the lung. The acute toxicity
induced by NiO nanoparticles was reflected in in vitro
experiments to a certain degree.
In this study, the secondary particle sizes were different
in the in vitro and the in vivo dispersions. For the in vitro
examinations, it was necessary to disperse NiO
nanoparticles in the culture medium. Cell culture media
include high concentrations of proteins and salts.
Therefore, NiO nanoparticles form large aggregates with
proteins and salts in the medium. On the other hand, the
NiO dispersion used for the in vivo experiments did not
include proteins or salts. The secondary particle size of
the dispersed NiO medium used for the in vitro experiments
reflected the actual cell exposure size. However, the
secondary particle size of the NiO water dispersion used
for the in vivo experiments did not reflect the actual
exposure size. After intratracheal instillation, NiO
nanoparticles may have adsorbed proteins or the surfactant
which would have led to changes in secondary particle
size. Although the measurement of the secondary particle
size in the lung by DLS is technically impossible, we
previously reported, in a TiO2 study, that there were no
differences in the cellular influences induced by secondary
particle sizes in the range of particles (both in vitro and in
vivo) used in this study (40–180 nm as secondary particle
size)36).
Although in vivo experiments provide critical
information about biological influences for risk assessment,
in vivo systems are very complicated. Accordingly, the
mechanistic information obtained from in vivo experiments
is usually insufficient. In vitro experiments are simpler
and can provide mechanistic information about biological
influences rapidly and at low cost. However in vitro
examinations often lack correlation with physiological
systems. In the present study, we demonstrated that the
acute toxicity induced by metal oxide nanoparticles could
be evaluated by a combination of in vivo and in vitro
experiments. Although the prediction of long-term
toxicity such as carcinogenicity by in vitro examination is
very difficult, it is effective for the study of the acute
toxicity of metal oxide particles.
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