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Abstract: In order to investigate whether or not dispersed nanoparticles have an effect of
inflammation and fibrosis on animals, we developed a nanoparticle generation system and
examined the gene expression of matrix metalloproteinase (MMP) and tissue inhibitor matrix
proteinase (TIMP) in rat lung containing inhaled nickel oxide (NiO) or titanium dioxide (TiO;)
nanoparticles. In both experiments, Wistar male rats were exposed to NiO or TiO, nanopar-
ticles for 4 wk (6 h/day). The geometric mean diameters of NiO and TiO; in the chamber were
139 £+ 12 nm and 51 +9 nm, respectively. The average concentration of the particle number
of NiO and TiO, was 1.0E+05 /cm? and 2.8E+05 /em3, respectively. At 4 d, 1 and 3 months
after the end of the inhalation, the rats exposed to these particles were sacrificed and the gene
expressions of MMP-2, TIMP-2 and type I collagen were measured using RT-PCR. Pathological
finding revealed that there was minimum inflammation with nickel oxide only at 4 d and no
change with titanium oxide. However, there were no changes of the gene expression of MMP-2,
TIMP-2, and type I collagen in either the NiO or TiO, exposure groups. In this study, inhala-
tion of nickel oxide and titanium dioxide nanoparticles did not induce the gene expression of

MMP-2 and TIMP-2 mRNA in rat lungs.
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Introduction

Manufactured nanomaterial is an intentionally pro-
duced structure of which at least one of 3 dimensions
is about 1 nm—100 nm!). Animal studies have reported
that particle matter 2.5 (PM2.5), including ultrafine par-
ticle, and diesel particles have an influence on organs
such as brain and testis, which are not open to direct
exposure2®), and a low dose of particles induces pulmo-
nary inflammation® 7); these results lead to concern that
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manufactured nanomaterial, may have similar biological
effects. The lung is a target organ of nanoparticle expo-
sure, and reports have described workers showing severe
pulmonary inflammation and fibrosis due to inhalation
exposure to nanoparticles®.

Extracellular matrix is closely associated with this
inflammation and subsequent fibrosis?). Extracellular
matrix (ECM) deposition presumably depends on a bal-
ance between synthesis and degradation of collagen?).
Degradation of collagen is regulated by matrix metal-
loproteinase and the tissue inhibitors of metalloprotein-
ases (TIMPs); matrix metalloproteinases (MMPs) are a
family of zinc and calcium-dependent endopeptidases
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Fig. 1. Scanning electron photomicrograph of NiO nanoparticles in inhalation chamber.

that play a key role in ECM remodeling in the lung?.
MMPs have the combined ability to degrade the various
components of connective tissue matrices, specifically
directed to ECM components. However, the activities
of MMPs are controlled at several levels including their
interactions with specific inhibitors, the tissue inhibi-
tors of metalloproteinases (TIMPs). An imbalance of
MMPs and TIMPs has been reported to result in metal-
loproteinase activation or inactivation, and relative levels
of MMPs rather than of TIMPs may contribute to the
degradation or deposition of collagen in the interstitial
space. If the imbalance of these proteins leads to infil-
tration of inflammatory cells, persistent inflammation,
and excessive deposition of collagen, fibrosis may prog-
ress?).

We had already developed two inhalation exposure
systems to disperse nanoparticles to exposure in a
previous inhalation exposure study, and reported that
nanoparticles were deposited in the lung. The pres-
ent study examines the expression of MMP and TIMP,
which are genes related to inflammation and fibrosis, in
an inhalation exposure study of nickel oxide (NiO) and
titanium dioxide (TiO,) nanoparticles.

Subjects and Methods

Materials

The NiO sample (20 nm nominal primary diameter,
99.8% purity) was purchased from Nanostructured &
Amorphous Materials Inc. The Brunauer-Emmett-Teller
(BET) specific surface area of the measured sample was
104.6 m%/g and weighted average surface primary diam-
eter (Sauter diameter) was 8.41 nm.

The TiO, particles (rutile) were purchased from
Ishihara Industry. The primary diameter of the TiO,
was 35 nm.

Inhalation study of NiO

The generation and inhalation system of NiO
nanoparticles was described in our previous paperl®.
The generation system was mainly composed of an
ultrasonic nebulizer and diffusion dryers, connected to
an exposure chamber (0.52 m3). The dynamic air flow
was kept to be 12 to 15 air changes per hour in the
chamber. Droplets containing NiO nanoparticles were
dispersed in air by spray-drying an aqueous suspension
using an ultrasonic nebulizer; next, the aqueous compo-
nent in the droplets was removed using diffusion dryers
to obtain NiO aerosol nanoparticles.

The electron microphotographs of the original NiO
particles (raw material) and those in the exposure cham-
ber are shown in Fig. 1. The size and number concen-
trations of the particles in the chamber were analyzed
in-line using a particle spectrometer consisting of a dif-
ferential mobility analyzer and a condensation particle
counter (Model 1000XP WPS, MSP Corp., Shoreview,
MN) throughout the exposure period, and the average
of diameter and number concentration of the particles in
the chamber was measured at all exposure day.

Inhalation study of TiO,

The generation and inhalation system employed for
the TiO, sample is essentially the same as the one used
for different kinds of nanoparticles!?. It consisted of a
pressurized nebulizer and a mist dryer, connected to an
exposure chamber (0.52 m3). The dynamic air flow in
the chamber was same to that in inhalation of NiO. In
this study, a TiO, nanoparticle suspension was put into
the air using the pressurized nebulizer, and its aqueous
component was removed by a mist dryer. The electron
micrographs of the TiO, particles before and after they
were dispersed in air are shown in Fig.2. The size
and number concentrations of the particles in the cham-
ber were analyzed in-line using a particle spectrometer
consisting of a differential mobility analyzer and a con-
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Fig. 2. Scanning electron photomicrograph of TiO, nanoparticles in inhala-

tion chamber.

densation particle counter (Model 1000XP WPS, MSP
Corp., Shoreview, MN) throughout the exposure period,
and the average of diameter and number concentration
of the particles in the chamber was measured at all
exposure day.

Animals

Ninety Wistar male rats (9-wk old) were divided
into three groups: the unexposed group and 2 exposed
groups which were exposed by inhalation to NiO or
TiO, for 4 wk (6 h/day, 5 d/week). Each group had
30 rats, and was kept in an inhalation chamber and
control rats (unexposed group) were exposed to fresh
air only. Ten rats from each group were randomly sac-
rificed at 4 d, 1 month and 3 months after the 4 wk
exposure.

Each group was divided into 2 subgroups of 5 ani-
mals. The first subgroup (5 rats) provided bronchoal-
veolar lavage, which was collected using physiological
saline that was poured through a cannula inserted in the
respiratory tract into the right lung, while the left lung
was clamped. Three — 10 ml of physiological saline
was infused per time and lavage fluid was collected up
to 50 ml in total. The left lung was inflated and fixed
by intratracheal instillation of 4% paraformaldehyde at
25 cm H,0 pressure. The lungs of the second sub-
group (5 rats) were homogenized to extract mRNA.

The rats were handled according to the guidelines
described in the Japanese Guide for the Care and Use
of Laboratory Animals as approved by the Animal Care
and Use Committee, University of Occupational and
Environmental Health, Japan.

Preparation of RNA, cDNA Synthesis, and polymerase
chain reaction

RNA was extracted from the lung using RNeasy(R)
Mini Kit (50) (QIAGEN Hilden, Germany). Single-
strand cDNA was synthesized using High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems,
CA.). Single-strand cDNA was synthesized with
moloney murine leukemia virus-derived reverse tran-
scriptase (Perkin Elmer, Norwalk, Connecticut, USA)
using 500 ng of total RNA. An equal amount of cDNA
from each sample was amplified by specific primers
for each gene (Table 1). Amplification was performed
with a thermocycler (Astech, Japan) under the following
conditions: denaturation at 94°C for 45 s, annealing at
60°C for 45 s, and extension at 72°C for 2 min for the
target and S-actin genes.

The fragments amplified by polymerase chain reaction
(PCR) were detected by electrophoresis on 2% agarose
gel. The PCR products were resolved using gel elec-
trophoresis and visualized by ethidium bromide stain-
ing. The gel was photographed with Polaroid Type 665
positive/negative film (Polaroid Corporation, Cambridge,
Mass., USA) under ultraviolet light at identical expo-
sure and development times. The bands from the posi-
tive film were scanned, and the density of MMP-2 and
TIMP-2 product was measured using National Institute
of Health (NIH) Image 1.55 software (written by Wane
Rasband at NIH, Bethesda, MD).

Tissue preparation for HE stain

After removal of the lungs, the left lung was inflated
and fixed by intratracheal instillation of 4% paraformal-
dehyde at 25 cm H,O pressure. The lungs and trachea
were resected from the surrounding tissue, and allowed

Industrial Health 2011, 49, 344-352



INHALATION STUDY OF DISPERSED METAL NANOPARTICLES

347

Table 1. Oligonucleotide of primers of four target genes

PCR product
mRNA species mRNA
Cycle bp
(sense)  5'- GAGATCTGCAAACAGGACAT
MMP-2 (antisense) 5’- GGTTCTCCAGCTTCAGGTAA 3 528
(sense)  5'- AATGACATCTATGGCAACCCC
TIMP-2 (antisense) 5°- AAGAACCATCACTTCTCTTG 34 426
(sense)  5'- CAAGAATGGCGACCGTGGTGA
Type Lcollagen—  icense) - GGTGTGACTCGTGCAGCCATC H 1074
factin (sense)  5’- ATCATGTTTGAGACCTTCAACACC 268 357

(antisense) 5’- TAGCTCTTCTCCAGGGAGG

Table 2. Weight and organ weights of rats in inhalation studies of nanoparticles

Weight (g) Lung (g) Liver (g) Kidney (g) Spleen (g)
4d
Unexposed 400 =20 1.74 £0.17 13.8+1.0 2.34+0.19 0.84+0.13
NiO-exposure 413 +34 2.02+0.23 144+18 242 +0.21 0.90 = 0.09
TiO,-exposure 389 +27 1.74 £ 0.07 13514 2.39+0.24 0.84 £0.17
1 month
Unexposed 502 £27 1.64 £0.14 16.6 1.8 2.74 £0.27 0.84 = 0.07
NiO-exposure 495 +39 1.58 £0.12 158+ 1.5 2.77+0.29 0.85+0.12
TiO,-exposure 524 £47 1.68 £0.32 17019 2.84+£0.20 0.89 £0.14
3 months
Unexposed 568 £ 55 1.63 £0.18 182+2.6 3.03 £0.28 0.80+0.11
NiO-exposure 552 +37 1.75+0.11 169+1.2 2.90+0.19 0.88 +0.08
TiO,-exposure 576 =50 1.67 £ 0.06 182+2.1 2.90 £ 0.22 0.89 £0.10

Rat and organ weight (g) by inhaled nanoparticles. Each column and bar represents the mean = SD of

ten rats.

to stand at 4°C for 24 h. The tissue was washed for
10 min in phosphate-buffered saline, dehydrated by
immersion in a graded series of ethanol washes for 1 h
per wash, then maintained in 100% ethanol at 4°C. The
lung tissue was embedded in paraffin, and 5 gm-thick
sections were cut from the lobe. The samples were
then sectioned and stained with hematoxylin and eosin.

Statistical analysis

Statistical analysis was carried out using the Mann-
Whitney test with differences at p<0.05 considered to
be statistically significant.

Results

Exposure of nanoparticle in chamber

Figure 1 and 2 show that scanning electron photo-
micrographs of NiO and TiO, nanoparticles. The par-
ticles in the chamber were well-dispersed, though they
were agglomerates. The daily mean diameters of NiO
and TiO; in the exposure chamber for 4 wk inhala-
tion were 139+ 12 nm and 51 £9 nm, respectively!?.

The daily average concentrations of the particle num-
ber of NiO and TiO, were 1.0 +0.5x 105 /cm?3 and
2.8 0.9 x 10° /cm?, respectively!?).

Body and organ weight in rat (Table 2)

There were no significant differences of body weight
and wet weight of the lung, liver, kidney, and spleen
among the unexposed, NiO, and TiO, exposure groups
after 4 d to 3 months from the inhalation exposure.

Total cell count in BALF (Fig. 3)

The total cell count in BALF was significantly
increased in the NiO exposure group 4 d after the
end of inhalation. Thereafter the total cell count was
decreased in the NiO exposure group and there was no
difference as compared to the unexposed group after
3 months. On the other hand, there was no difference
between the TiO, exposure group and the unexposed
group throughout the observation period.
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Fig. 3. Total cell counts in BALF by inhaled nanoparticles.

Transient increase in total cells in BALF was observed in NiO nanoparticles, but not in TiO, nanopar-

ticles. Each column and bar represents the mean = SD of five rats. An asterisk indicates a statistically

significant difference of p<0.05 compared to each unexposed group.

Gene expression of MMP-2, TIMP-2 and type I collagen
(Fig. 4A-C)

Figure 4A shows gene expression of MMP-2 in rat
lungs exposed to metal oxide nanoparticles.

Exposure to NiO did not increase the level of MMP-2
mRNA in the lung at any observation time. Exposure
to TiO, also did not change the gene expression of
MMP-2 at any time.

Figure 4B and 4C also show gene expressions of
TIMP-2 and type I collagen in rat lungs exposed to
metal oxide nanoparticles. Exposure to not only NiO
but TiO, did not change the gene expression of TIMP-2
and type I collagen in rat lungs at any observation time.

Pathological futures (Figs. 5-6)

A histopathologic feature of rat lung at 4 d and
1 month after the 4-wk inhalation exposure is shown
in Figs. 5 and 6. The minimum transient infiltration of
neutrophils and alveolar marcophages was observed in
rat lung at the acute phase after the inhalation exposure
of NiO nanoparticles only and not at any other observa-
tion time. As for the histopathologic feature of rat lung
inhaled TiO,, no inflammatory or fibrotic changes were
observed at any observation time.

Discussion

In the present study we performed an inhalation study
of NiO and TiO, using an ultrasonic nebulizer and a
pressurized nebulizer, respectively, and measured size
and particle number of nanoparticles in the chamber.
Since the standard deviation of size and particle number
of both nanoparticles in the chamber was not so large,

the present study made it possible to carry out inhala-
tion exposure to NiO and TiO, nanoparticles with a sta-
ble particle size and number concentration!?). However,
the agglomerated size of NiO nanoparticles was not
nanoscale, but was more than 100 nm. Although we
examined the experimental condition in a NiO inhala-
tion system using an ultrasonic nebulizer in order to
reduce the agglomerated diameter, we think that the
minimalization of the size is limited under the condi-
tion. On the other hand, the size of TiO, agglomerated
nanoparticles was less than 100 nm using the inhala-
tion system using a pressurized nebulizer. We consider
that the latter system may be a suitable one to keep the
nanoscale of agglomerated nanoparticles.
Histopathological examination found minimal inflam-
mation in NiO and no inflammation in TiO,. With
regard to the inflammatory effect of NiO, we carried
out an intratracheal instillation study of nanoscale NiO
nanoparticles and reported that they caused persistent
pulmonary inflammation with a low dose!3: 9. Lu et
al.'> also reported that NiO nanoparticles caused pul-
monary inflammation in their intratracheal instillation
study in mice. On the other hand, with regard to the
inflammatory effect of TiO, nanoparticles, Warheit et
al.'® reported that their intratracheal instillation study
showed only transient inflammation in lung tissue.
Kobayashi et al.l”> 18 also carried out an intratracheal
instillation study of anatase TiO, particles with differ-
ent primary diameter and agglomeration states (size of
agglomeration) in rats and compared the effects of parti-
cles on the lung. As a result, exposure to TiO, particles
showed transient inflammation at a dose of 5 mg/kg
that disappeared from 1 wk to 1 month after the instil-

Industrial Health 2011, 49, 344-352



INHALATION STUDY OF DISPERSED METAL NANOPARTICLES 349

A: Gene expression of MMP-2 in rat lung

€
N =
' 8 030
ol
=5 OUnexposed
= q I NiO
o 2020 .
(o} = TiO,
25
NS o010
® o
OF

0.00 7Z

4 days 1 month 3 months
Clearance time

B: Gene expression of TIMP-2 in rat lungs
0.45

0.00 EA

4 days 1 month 3 months
Clearance time

OUnexposed
NiO

o
w
=)

o
-
a

Density of TIMP- 2
(ratio of TIMP-2 to B-actin)

NA—

C: Gene expression of collagen in rat lungs
1.00
OUnexposed
NiO
TiO,

0.50

(ratio of collagen to 3-actin)

7

4 days 1 month 3 month

0.00

Density of type I collagen

Clearance time

Fig. 4. Expression of matrix-related gene in rat lungs in inhalation study.
A: Gene expression of MMP-2 in lung by inhaled nanoparticles. B: Gene expression of TIMP-2 in
lung by inhaled nanoparticles. C: Gene expression of type I collagen in lung by inhaled nanoparticles.
Inhalation of NiO and TiO, did not induce gene expression of MMP-2, TIMP-2 and type I collagen
mRNA in rat lung. Each column and bar represents the mean + SD of five rats.
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Fig. 5. Histopathological features of rat lung at 4 d after inhalation study.
A: unexposed, B: NiO exposed group, C: TiO, exposed group.

Fig. 6. Histopathological features of rat lung at 1 month after inhalation study.
A: unexposed, B: NiO exposed group, C: TiO, exposed group.
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lation; the recovery from inflammation was nearly the
same irrespective of the primary diameter and agglom-
eration states of TiO, particles. Thus, the inflammatory
response of NiO and TiO, in the present study is likely
to be consistent with their previous reports of inflamma-
tory effect by NiO and TiO,.

The expression of MMP in the rat lung after inha-
lation exposure to nanoparticles was not increased in
either NiO or TiO,. As to the association between
inflammatory lesion and MMP-2, there were reports that
MMP-2 is associated with the infiltration of inflamma-
tory cells such as neutrophil and eosinophil, and that
the expression of MMP-2 was found to be increased in
granuloma of sarcoidosis, a granulomatous inflammatory
disease!”. As for pulmonary inflammation caused by
inhaled aerosol, we also previously conducted a long-
term exposure study of toner and found mild infiltration
of inflammatory cells, no increase of the expression of
MMP-2 in the low-dose group, and an increased expres-
sion of MMP-2 in the high-dose group??). The expres-
sion of MMP-2 was not increased in very mild inflam-
mation in the present and previous studies. MMP-2
may not be associated with infiltration of inflammatory
cells at the early stage of inflammation but may be
associated with subsequent persistence or progress of
inflammation. Further study is needed to examine the
association between aerosol exposure and the expression
of MMP.

The present study showed no changes in the expres-
sion of TIMP-2 in rat lung exposed to NiO or TiO,.
An increase in gene expression of TIMP-2 was found in
BALF in patients with granulomatous inflammatory dis-
ease!®. The TIMP-2 gene works not only to suppress
the expression of MMP-2 but also to promote fibro-
sis”). The result that pulmonary fibrosis was not found
after exposure to NiO or TiO, is consistent with the
result that the expression of TIMP-2 was not increased.
However, studies have reported that the expression of
TIMP was decreased in inflammation and thus the
MMP activity was relatively increased. Our long-term
inhalation study of toner also showed a decrease of
TIMP-229,  Although the present study did not show
this tendency, the large discrepancies of gene expression
between MMP-2 and TIMP-2 in lung exposed to NiO
suggest that relatively increased MMP-2 activity may be
involved with very mild inflammation caused by NiO.

There was no stimulative effect of NiO or TiO, on
type I collagen production. Histopathological exami-
nation did not show obvious deposition of collagen in
either particle group. We previously instilled 200 ug
of NiO particles intratracheally to observe for 6 months
and also did not find marked fibrosis'> 14). The pulmo-
nary deposition of the present study (deposited amount

4 d after the end of the inhalation) was 29 +44 ug
NiO!9,  Considering the dose-dependence of an intra-
tracheal instillation study, no collagen deposition in the
present study is likely to be reasonable.

In summary, we exposed rats to NiO and TiO,
nanoparticles by inhalation at particle size and concen-
tration in a stable manner by using an original genera-
tion system for 4 wk. There were no significant gene
expression of MMP-2 and TIMP-2 in both groups com-
pared with the unexposed group. Since a short-term
inhalation study of nanoparticles could be carried out
in minimal agglomeration size and the result showed
an inflammatory tendency in NiO and not in TiO,, it is
suggested that both particles reflect the biological effect
as nanoparticles.
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