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Abstract: Objectives: In this study, we focused on the
qualitative and quantitative differences of the lung le-
sions induced by single or multiple intratracheal admini-
stration of nickel oxide nanoparticles (NiO). Methods:
Male rats were randomized into groups receiving intra-
tracheal administrations in a single dose or two to four di-
vided doses of 2 mg/kg/bw. Bronchoalveolar lavage fluid
(BALF) analyses were performed at 3 and 28 d post-
dose. Histopathological analyses were performed at 28
and 91 d post-dose. Results: BALF analyses revealed
pulmonary injury, inflammation, and increases in the pa-
rameters indicating processing the foreign material in all
the NiO-treated groups. Histopathological analyses
showed the phagocytosis of NiO by alveolar macro-
phages, degeneration and necrosis of alveolar macro-
phages, and inflammatory responses. In the comparison
between single and multiple administrations, the trend
for stronger toxicity effects was observed after multiple
application at 3 d post-dose, while the obvious toxicity ef-
fects were also seen in case of single administration. No
particular differences of lung lesions depending on the
frequency of administration at 28 and 91 d post-dose
were evident. Conclusion: Intratracheal NiO administra-
tion induced strong toxic response thoroughly even by
single administration. Therefore, single administration
was concluded to be applicable to assess the inhalation
toxicity of nanomaterials and can be used in the screen-
ing test.
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Introduction

At present, the Organisation for Economic Cooperation
and Development (OECD) has been gathering toxicologi-
cal information about 11 types of nanomaterials as dossi-
ers”. Individual nanomaterials are likely to have different
toxicities. Therefore, it is essential to assess the toxicity,
especially inhalation toxicity of each nanomaterial, be-
cause workers are mainly exposed to them through inha-
lation. However, it is extremely difficult to conduct inha-
lation exposure tests to assess the toxicity of all industrial
nanomaterials, which have developed rapidly at present,
due to the cost, inhalation technique, institution, etc.
Therefore, the development of an easy and convenient
screening method to detect the toxicity of nanomaterials
is highly desired.

The intratracheal administration method readily offers
a result of toxicity assessment in a brief and convenient
manner, while the dose has been established conven-
iently, as compared with the inhalation exposure test.
Therefore, this method has been frequently used for toxic-
ity assessment of nanomaterials®'”. However, this method
should be standardized to apply it for toxicity screening
of industrial nanomaterials. Thus far, only few reports
have been published, which report the existing differ-
ences in toxicity depending on the frequency of intratra-
cheal administration. Therefore, it is important to investi-
gate those differences as a basic point of risk assessment
to apply intratracheal administration for screening”. In ad-
dition, NiO nanoparticles were reported to induce inflam-
mation in the lung of rats by a single intratracheal admini-
stration™"”.

In this study, we focus on the differences of the lung
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Fig. 1. Study design

Multiple intratracheal administrations were perfor

med every other day. Bronchoalveolar lavage

fluid (BALF) test at 3 d post-dose, BALF analysis and pathological examination at 28 d post-
dose, and pathological examination at 91 d post-dose were performed. The control groups (un-
treated-control and vehicle-control groups) corresponding to each autopsy period were estab-

lished.

lesions and their number induced by single and multiple
NiO administrations in rats, as well as their implication in
toxicity assessment.

Materials and Methods

Test substance

In this experiment, nickel oxide nanoparticles (NiO,
US3352, US Research Nanomaterials, Inc. Texas, USA)
were used as nanomaterial samples. NiO was 299.98% in
purity, 20 nm in average primary particle size, spherical
in shape, and hydrophilic. NiO samples were prepared by
dispersing NiO in ultrapure water by Nanosystem Re-
search Institute, The National Institute of Advanced In-
dustrial Science and Technology (AIST), Tsukuba, Japan.
NiO was dispersed using ultrasonic wave (3 h) to a con-
centration of 10 mg/ml. Then, the dispersion was centri-
fuged (x1000, 25 min) and the supernatant was diluted to
predetermined concentrations. The NiO particle was well
dispersed and the secondary particle size was 37 to 68 nm
(Number-based average, analyzed by dynamic light scat-
tering). The concentrations of NiO particles were ana-
lyzed by the gravimetric measurement. The established
concentrations were 0.50, 0.67, 1.0, and 2.0 mg/m!/ and
the actual concentrations were 0.49, 0.67, 1.0, and 2.0
mg/ml, respectively.

Animals and husbandry

Male F344/DuCrlCrlj rats (SPF) (Chares River Labora-
tories Japan, Inc., Atsugi, Japan) were used (total, 245
rats). The animals, 11-week-old at arrival, were quaran-
tined and acclimated for 1 week. Breeding conditions of
the animal room were 23 = 2°C in temperature and 55 *
15% in humidity. The animals were fed CRF-1 pellet diet
(sterilized by gamma-ray irradiation, Oriental Yeast Co.,
Ltd., Tokyo, Japan) and given filtered and ultraviolet-
irradiated municipal water ad libitum. The present studies
were conducted in compliance with the basic policy on
the conduct of animal experiments in institutions under
the control of the Japanese Ministry of Health, Labour
and Welfare (Notification by Director of Health Sciences
Division, Minister’s Secretariat, MHLW) and the policies
on animal experiments (established by the Japan Bioassay
Research Center; JBRC). In addition, this study was ap-
proved by the Animal Experiment Committee of JBRC.
The animals were taken care of in accordance with the
Guide for Animal Experimentation (Japanese Association
for Laboratory Animal Science).

Experimental design

The study design is presented in Fig. 1. The male rats
(12-week-old, mean body weight of 250 g) were divided
into four NiO-treated groups and four vehicle-control
groups, which corresponded to the respective NiO-treated
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groups. In addition, four untreated control groups were
established. The NiO-treated animals were divided into
four groups: A group receiving intratracheal administra-
tion of a single dose of 2 mg/kg/bw, a group receiving 2
doses of 1 mg/kg/bw, a group receiving 3 doses of 0.67
mg/kg/bw, and a group receiving 4 doses of 0.5 mg/kg/
bw. The total NiO doses of each group were equal. The
dispersed NiO were administered within 1 minute after
ultrasonication. The multiple-administration groups were
treated with NiO samples every other day. The animals in
the vehicle-control groups were administered ultrapure
water intratracheally at the same frequency and timing as
those of the NiO-treated groups. Intratracheal administra-
tion was not performed in the untreated control groups.
Bronchoalveolar lavage fluid (BALF) analyses were per-
formed at 3 and 28 d post-dose. Histopathological exami-
nations were performed at 28 and 91 d post-dose (Fig. 1).

Intratracheal administration

NiO was administered intratracheally under isoflurane
(2-3%) inhalation anesthesia using a 1-m/ disposable syr-
inge and MicroSprayer (Penn-Century, Inc: IA-1B-R).
The administration volume per animal was 1 ml/kg/bw.

Clinical observations, body weights, and hematological
and blood biochemical analyses

Clinical signs were evaluated every day in all rats. He-
matological and blood biochemistry analyses were per-
formed at 28 and 91 d post-dose. The number of rats at
each time-point was five animals per group; however, at
28 d post-dose, the number of rats was ten animals per
group. Hematology included parameters of RBC, hemo-
globin, hematocrit, MCV, MCH, MCHC, platelet, reticu-
locytes, white blood cells, and differential leukocytes
count. Blood biochemistry included parameters of total
protein, albumin, A/G ratio, total bilirubin, glucose, total
cholesterol, triglyceride, phospholipid, Aspartate trans-
aminase (AST), Alanine transaminase (ALT), Lactate De-
hydrogenase (LDH), Alkaline Phosphatase (ALP), -
glutamyltransferase (y-GTP), creatine kinase, urea nitro-
gen, creatinine, sodium, potassium, chloride, calcium, in-
organic phosphorus, and total bile acid"™".

Cytological and biochemical analyses of bronchoalveolar
lavage fluid (BALF)

BALF analyses were performed in all lung lobes of
five rats in each group at 3 and 28 d post-dose. The ani-
mals were anesthetized by the intraperitoneal injection of
pentobarbital sodium ( Somnopentyl, Kyoritsuseiyaku
Corporation, Tokyo, Japan) and euthanized by exsan-
guination from the abdominal aorta under anesthesia.
BALF was collected using the following procedure. After
injecting 7 m/ of saline to the lung from a height of 30
cm, BALF was collected by spontaneous dripping. This
procedure was repeated two times. In all the groups, the

J Occup Health, Vol. 59, 2017

BALF collector rate was about 80%. With regard to the
cytological examination of BALF, total cells were
counted with an automatic cell analyzer, and smear prepa-
rations were made for the determination of cell classifica-
tion ( neutrophil, lymphocyte, alveolar macrophage,
eosinophil, and basophil). With regard to biochemistry,
BALF was centrifuged and the total protein, albumin,
LDH, ALP and y-GTP levels were examined'”.

Organ weights and histopathological examinations

Organ weights of the liver, kidneys, lungs, spleen, and
brain were measured. Furthermore, histopathological
analyses were performed at 28 and 91 d post-dose in the
liver, kidneys, lungs, spleen, brain, and pulmonary-related
lymph nodes (posterior mediastinal lymph node and para-
thymic lymph node). The number of rats was the same as
that in hematological analyses.

Results

In the untreated control and vehicle-control groups, no
particular differences in any of the laboratory parameters
were found. Therefore, the results are presented below by
comparing the data obtained for the vehicle-control and
NiO-treated groups.

Clinical observations, body weights, hematology, and
blood biochemistry

With regard to the clinical signs, no substantial changes
were found in any of the NiO-treated groups. In the
vehicle-control and the NiO-treated groups, a temporary
body weight reduction was observed on the day after in-
tratracheal administration; however, no significant differ-
ence was found in the body weight between the vehicle-
control and the NiO-treated groups (data not shown). The
hematology and blood biochemistry results showed no
toxicologically significant changes (data not shown).

Properties of BALF (Fig. 2)

BALF collected at 3 d post-dose was transparent in all
the groups. However, in the NiO-treated groups, BALF
collected at 28 d post-dose produced white turbidity both
in the single- and multiple-dose groups. BALF with white
turbidity showed a positive periodic acid-schiff (PAS) re-
action revealing that the white turbidity was a protein-like
substance (lipoprotein), which led to a diagnosis of alveo-
lar proteinosis. The level of alveolar proteinosis was
slight in all the animals receiving a single dose of NiO
and moderate to severe in all the animals receiving multi-
ple doses of NiO (Fig. 2). At 3 d post-dose, alveolar pro-
teinosis was not detected in any of the groups and it was
neither observed in the vehicle-control group.

Cytological analysis of BALF (Fig. 3)
Due to the comparison between the vehicle-control and
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Fig. 2. Cytological analysis of BALF

Smear preparations of BALF were stained with PAS and examined by microscopy and al-
veolar proteinosis was graded according to 1+ to 4+.

NiO-treated groups at 3 d post-dose, the total cell, neutro-
phil, and eosinophil counts were found to have increased
in all the NiO-treated groups (Fig. 3-1, 3-3). Furthermore,
the macrophage and lymphocyte counts were elevated in
the NiO-treated groups receiving multiple doses of NiO
(Fig. 3-2). When compared between single and multiple
doses, all measured parameters were higher in the animals
receiving multiple doses and tended to be higher by in-
creasing the frequency of doses.

At 28 d post-dose, the total cell, macrophage, neutro-
phil, and lymphocyte counts were high (Fig. 3-1, 3-2, 3-
3); however, eosinophil was rarely detected in the NiO-
treated group. No particular differences of cytological pa-
rameters between the single- and multiple-dose groups
were obvious. At 28 d post-dose, the total cell and macro-
phage counts were higher and the neutrophil and eosino-
phil counts were lower than that of the 3 d post-dose
group (Fig. 3-1, 3-2, 3-3).

Biochemical analysis of BALF (Fig. 4)

The levels of TP, albumin, LDH, and y-GTP were high
in the NiO-treated group at both 3 d and 28 d post-dose
(Fig. 4-1, 4-2, 4-3). At 3 d post-dose, the trends for an in-
crease were detected in the TP, albumin, and LDH levels
in the animals receiving multiple doses (Fig. 4-1, 4-2);
however, the trends for a decrease in the y-GTP level
were observed in the animals receiving multiple doses
(Fig. 4-3). At 28 d post-dose, the TP and albumin levels
showed a trend for an increase in the animals receiving
multiple doses (Fig. 4-1). In addition, no particular differ-
ences existed in the LDH and y-GTP levels depending on
the frequency of administration (Fig. 4-2, 4-3). Most pa-
rameters were higher in the NiO-treated group as com-

pared to that in the vehicle-control group, although
slightly lower responses were observed at 3 d post-dose
as compared to those at 28 d post-dose. The ALP level,
however, did not increase after NiO administration and
decreased at 28 d post-dose (data not shown).

Organ weights

The lung weight was higher in all the NiO-treated
groups than in the respective vehicle-control groups. At
28 d post-dose, the lung weight was significantly lower in
the animals receiving 3 or 4 doses than in those receiving
a single dose; however, there was only a slight difference.
At 91 d post-dose, no particular differences were found in
the lung weights among the NiO-treated groups (data not
shown).

Histopathological findings (Table 1, Fig. 5)

Histological examinations at 28 and 91 d post-dose re-
vealed the following findings as effects on the lungs in
the NiO-treated group; however, no particular differences
were found between single and multiple administrations
at any time point. In the pulmonary alveoli, an increase of
macrophages, NiO-phagocytized macrophages, and de-
generation and necrosis of macrophages were observed.
Perivascular inflammatory cell infiltration in the alveolar
space and alveolar wall was detected. Furthermore, type
II alveolar epithelial hyperplasia, alveolar wall fibrosis,
and alveolar proteinosis were evident. NiO particles were
found in the alveolar space and bronchus-associated lym-
phoid tissue. In the comparison between 28 and 91 d
post-dose, a slight increase of the incidence of type II al-
veolar epithelial hyperplasia at 91 d post-dose was ob-
served; however, no particular differences were found
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Fig. 3. Cytological examination of BALF

Total cell count, alveolar macrophage, and neutrophil counts at 3 and 28 d post-

dose.

*: p<0.05 **: p<0.01: Significantly different as compared to respective control

groups (vehicle-control groups)

#: p<0.05 #: p<0.01: Significantly different in multiple administration test as com-

pared to single administration.
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Fig. 4. Biochemistry of BALF

Fig. 4-1

Fig. 4-2

Fig. 4-3

Total protein, Lactate Dehydrogenase (LDH), and y-glutamyltransferase (y-GTP)

levels at 3 and 28 d post-dose.

*: p<0.05 **: p<0.01: Significantly different as compared to respective control

groups (vehicle-control groups).

#: p<0.05 #: p<0.01: Significantly different in multiple administration test as

compared to single administration.
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Table 1.
Table 1-1.

Histopathological findings of the lung

J Occup Health, Vol. 59, 2017

Day 28 after administration

Control NiO administered

Number of times administered

2 3 4 1 2 3 4

Number of rats examined 5 5 5 5 10 10 10 10
Lung
inflammatory cell infiltration (perivascular) o 0 0 O 10 10 10 10
alveolar space
increase of macrophage (NiO phagocytosed) 0 O O O 10 10 10 10
degeneration / necrosis of macrophage 0O 0 0 0O 10 10 10 10
alveolar proteinosis 0O 0 0 O 10 10 10 10
alveolar wall
fibrosis 0 0 0 O 6 & 10 7

hyperplasia of type II pneumocyte
bronchus-associated lymphoid tissue (BALT)

o 0 o o 1 1 1 O

NiO particle 0 0 0 O 4 6 7 5
Lymph node (peritracheal)

NiO particle 0 0 0 O 9 10 10 8
All grades are slight.
Table 1-2.

Day 91 after administration

Control NiO administered

Number of times administered
Number of rats examined

2 3 4 1 2 3 4
555 5 5 5 5 5

Lung
inflammatory cell infiltration (perivascular)
alveolar space

increase of macrophage (NiO phagocytosed)

degeneration / necrosis of macrophage
alveolar proteinosis
alveolar wall
fibrosis
hyperplasia of type II pneumocyte
bronchus-associated lymphoid tissue (BALT)
NiO particle

Lymph node (peritracheal)
NiO particle

All grades are slight.

with regard to the incidence or grade of other findings.
NiO deposition was observed in the pulmonary mediasti-
nal lymph node, but it was not identified in other lymph
nodes. In other organs, except the lung and lung-
associated lymph nodes, NiO particles were not detected
and no pathological changes were observed.

Discussion

The toxic effects of intratracheal NiO administration in
the Iungs of F344 rats were observed irrespective of sin-
gle or multiple treatment. The toxicity was detected from
the observation of the lung weight changes, BALF analy-
ses, and histopathological examinations. The cytological
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Fig. 5. Histopathological findings of the lung
Increased alveolar macrophages and alveolar proteinosis (28
d post-dose), single administration of NiO (2 mg/kg), ar-
rows: protein and particle phagocytosed macrophages. Bar,
50 um

examination of BALF revealed increases in the total cell,
neutrophil, eosinophil, and lymphocyte counts indicating
an inflammatory response, while the increase of macro-
phages indicated the phagocytosis of particles in all the
NiO-treated groups. The BALF biochemistry results
showed changes in parameters that indicate pulmonary in-
jury and inflammatory response. All these parameters
were substantially higher in the NiO-treated group than in
the vehicle-control group at 3 d post-dose and were
higher even at the 28 d post-dose time point. PAS staining
of BALF revealed alveolar proteinosis at 28 d post-dose.
The Iung weights were higher in the NiO-treated groups
than in the corresponding vehicle-control groups. Histo-
pathological examination of the lung demonstrated the
phagocytosis of NiO, degeneration and necrosis of
macrophages, and inflammation in the NiO-treated group
at 28 d post-dose, and these changes persisted up to 91 d
post-dose. Other studies on the effects of intratracheal
NiO administration revealed that NiO induced pulmonary
inflammation, elevation of total protein, and LDH levels
in the BALF", and that this inflammatory response was
prolonged®'”. NiO applied in this experiment was differ-
ent from that used in the reports, and experimental condi-
tions were also different. Previous reports demonstrated
similar inflammatory responses and alveolar proteinosis
to those observed in this experiment®*'®, while the in-
flammation in the lung was found at 6 mo post-dose”.
The results of the comparison between the effects of
single and multiple intratracheal NiO administration on
BALF at 3 d post-dose showed that multiple administra-
tion had stronger effects on all parameters of the cytologi-
cal examination, total protein, albumin and LDH levels
than single administration. With regard to the effects of
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the frequency of administration, multiple administration
had the tendency of stronger influence on the BALF bio-
chemical parameters except y-GTP as compared to single
administration. In contrast to these results, the data ob-
tained from BALF analysis conducted at 28 d post-dose
showed no particular differences between the parameters
of the cytological examination and biochemistry depend-
ing on the frequency of administration. Moreover, the re-
sults of histopathological examinations of the lung at 28
and 91 d post-dose demonstrated no particular changes
depending on the frequency of administration. Comparing
the effects of single (15 mg/rat) and multiple (3 mg/rat/d
x5 d) intratracheal administration of crystalline silica
nanoparticles to rats on BALF demonstrated the existence
of minor differences dependent on the frequency of ad-
ministration, and therefore, no advantages for multiple
administration to assess the toxic effects of crystalline sil-
ica on the lung”. The experiment that we conducted previ-
ously to compare the effects of single and multiple intra-
tracheal administrations of TiO, demonstrated that single
NiO administration produced stronger effects than multi-
ple administration (unpublished data). However, the pre-
sent experiment showed that multiple administration of
NiO induced more severe inflammation. This could be
dependent on the special characteristics of the substances
that caused the difference in the effects by the frequency
of administration.

In this experiment, BALF with white turbidity was ob-
served at 28 d post administration. Furthermore, BALF
showed a positive PAS reaction, while the retention of the
protein-like substance was detected in alveolar spaces.
Histopathological examination revealed alveolar proteino-
sis. Cho et al." also reported the development of alveolar
proteinosis following intratracheal NiO administration,
and these data were in line with those of this experiment.
Alveolar proteinosis develops due to the overproduction
of pulmonary surfactant in the type II alveolar epithelial
cells and impaired pulmonary surfactant clearance by
macrophages. We demonstrated that NiO administration
induced the degeneration and necrosis of macrophages,
indicating that alveolar proteinosis was caused by im-
paired pulmonary surfactant clearance. The lungs were di-
agnosed as alveolar proteinosis in 28 d post-dose; in con-
trast, the lungs in 3 d post-dose were negative for alveolar
proteinosis. However, TP of BALF in 28 d post-dose was
not increased in comparison to that in 3 d post-dose.
Therefore, TP of BALF did not seem to be related to al-
veolar proteinosis. Thus, it does not indicate alveolar pro-
teinosis.

At 3 d post-dose, macrophage and lymphocyte counts
did not show any significant differences among the pa-
rameters of BALF analyses following single administra-
tion. Macrophages are involved in processing foreign ma-
terials, while lymphocytes are related to chronic inflam-
mation. Therefore, from this viewpoint, macrophage and
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lymphocyte counts are likely not to increase only 3 d
post-dose after single NiO administration. The differences
between single and multiple administrations might be
caused by the changes that occurred in the period between
the start of administration and BALF analyses.

In this study, many parameters of BALF analyses
showed higher values in NiO-treated rats as compared to
the vehicle-control rats; on the contrary, the ALP level
was decreased. This reduction was also observed after in-
tratracheal NiSO. administration®”, indicating that it may
be a specific reaction to nickel. The significance of the
observed phenomena has not yet been elucidated; how-
ever, the reduction of the ALP level could be considered
as a functional change.

The comparison of toxicity effects caused by single
and multiple intratracheal administrations of NiO showed
that both of them induced inflammation of the lungs. At 3
d post-dose, a tendency for stronger toxicity was observed
in case of multiple administration. At 28 and 91 d post-
dose, toxicity effects were obvious, but no particular dif-
ferences were found depending on the frequency of ad-
ministration. Furthermore, no particular differences ex-
isted in the types of lesions induced by intratracheal NiO
administration, while both single and multiple administra-
tions induced sufficiently strong toxic responses. Thus, no
particular differences in toxicity assessment are expected
to occur depending on the frequency of NiO administra-
tion, even if intratracheal administration is applied for
screening. Therefore, single administration is sufficient to
assess the inhalation toxicity in the screening assay of
nanomaterials. However, in some cases, for example, a
test material of high viscosity is unsuitable for intratra-
cheal administration. In that case, multiple administra-
tions would be more effective by adjusting the test mate-
rial to a lower concentration. Furthermore, when a test
material is thoroughly dispersed only at a low concentra-
tion, multiple administration would be more suitable for
toxicity assessment. Compared with inhalation exposure,
intratracheal administration is effective to confirm the
toxicity in a short period, because intratracheal admini-
stration can make high pulmonary concentrations. More-
over, single or multiple intratracheal administration is an
effective method for maintaining lung concentrations.
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