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Platinum nanoparticles (PNPs) are potentially useful for sensing, catalysis, and other applica-
tions in the biological and medical sciences. However, toxicity data on the PNPs are very lim-
ited. In this study, we prepared PNPs using K;PtClg, (21 nm in phosphate buffered saline) and
tested inflammatory responses in mice after a single intratracheal instillation. The concentra-
tions of pro-inflammatory cytokines (IL-1, TNF-a, and IL-6), THO cytokine (IL-2), TH1-type
cytokine (IL-12), and TH2-type cytokines (IL-4 and IL-5) were increased in broncho-alveolar
lavage fluid by PNPs. It was found that the induciton of TH2-type cytokines were higher than
TH1-type cytokine on day 28 after instillation. TGF-p was also significantly increased in bron-
cho-alveolar lavage fluid during the experimental period. IgE level in serum was increased
with the increase of B cells distribution. Intracellular level of glutathione (GSH) was dimin-
ished by treatment of PNPs. When the distribution of T cell subtype (CD4*/CD8") was ana-
lyzed, the ratio was decreased. Gene expression of matrix metalloproteinases was found to be
significantly increased on day 1. By histopathological examination, cell infiltration of mac-
rophages and neutrophils was observed in lung tissue during the experimental period. Based
on these findings, it is suggested that the exposure to PNPs may induce inflammatory
responses in mice.
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2009). When different shapes and types of array
catalysts were prepared using platinum particles and
tested for oxygen reduction reaction, PNP showed a
INTRODUCTION high sensitivity (Komanicky et al., 2009).
PNPs have also been proved to have a protective
Metal nanoparticles such as titanium, ceria, silver, effect on reactive oxygen species. In previous reports,
and platinum have potentially useful applications in PNPs do not show cytotoxicity in several different cul-
many industrial fields. Among these metal nanopar- tured cells (TIG-1, MI-38, MRC-5, HeLa, and HepG2),
ticles, platinum nanoparticles (PNPs) have been widely  although cellular uptake of PNPs does occur in a time-
used as a catalyst due to their high conductance and and dose-dependent manner (Hamasaki et al., 2008).
reactivity. Enhancement of the selectivity in chemical PNPs have been shown to protect cells from oxidation-
reactions by PNPs has been a much-researched topic. induced inflammation by scavenging superoxide anion
For example, selective hydrogenation of o-chloronitro- (027) and hydroxyl radical (-OH) in aqueous solution,
benzene to o-chloroaniline has been performed using and they inhibit pulmonary inflammation in mice
polyethylene glycol-stabilized PNP (Cheng et al., exposed to cigarette smoke by preventing antioxidant
depletion and inhibiting neutrophil infiltration and
NF-kB activation (Onizawa et al., 2009). Due to these
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to be more potent than cisplatin in killing HeLa cells
(Gao et al., 2008). PNPs in combination with multi-
walled carbon nanotubes also increase the sensitivity
of the electrochemical DNA biosensor (Wang et al.,
2006).

However, some workers who have been exposed to
platinum during the refining processes manifested
inflammatory diseases such as rhinitis, conjunctivitis,
and asthma. Inhalation is the most common route of
allergen entry, and ‘platinosis’ is considered to be an
allergic response to complex platinum salts. Further-
more, some researchers suggest that platinum induces
damage to cells through oxidative stress and inflam-
matory signals (Theron et al.,, 2004; Schmid et al.,
2007). Although this topic has prompted lively debate,
very little information is available regarding the safety
and potential hazards of manufactured PNPs.

In this study, we prepared PNP from Ky;PtClg, and
characterized physico-chemical parameters such as
size distribution, shape, and surface charge. We also
investigated the inflammatory responses in mice
following the intratracheal instillation of PNPs to elu-
cidate the discrepancy between toxicity and protective
effect.

MATERIALS AND METHODS

Preparation of PNPs

A mixture of 3 mL of 6 mM K,PtClg aqueous solu-
tion, x mL of double-distilled water, and y mL of
alcohol (x+y= 197 mL) containing 100 mg of polyvinyl-
pyrrolidone (PVP) was refluxed in a 250 mL flask for
3 h in an air-conditioned environment until the
ethanol evaporated. The resulting product in the water-
phase showed black suspension. Finally, this suspen-
sion was diluted with PBS (2X, 0.15M, pH 7.2) for
instillation to mice. Solvent vehicle for control mice
was prepared by the same procedure without KyPtClg
(Teranishi et al., 1999).

Particles size measurements in PBS were performed
using a submicron particle sizer NICOMP™), images
of the nanoparticles were acquired by transmission
electron microscopy (TEM; JEM1010, JEOL), and the
surface charges of the nanoparticles were measured
using the zeta potential analyzer (Brookhaven instru-
ments corp.).

Animals

ICR male mice (25 + 1 g, 6 week) were purchased
from Orient-Bio Animal Company and were allowed
to adapt to the conditions in the animal room prior to
the beginning of the study. The environmental condi-
tions were strictly controlled, with temperature of 23 +
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1°C, relative humidity of 55 + 5%, and a 12 h light/
dark cycle. Animals used in this study were cared for
in accordance with the principles outlined in the “Guide
for the Care and Use of Laboratory Animals” issued
by the Animal Care and Use Committee of NVRQS
(National Veterinary Research and Quarantine Service).

Intratracheal instillation and sample prepara-
tion

PNPs were delivered with a 24-gauge catheter in a
single dose by intratracheal instillation under light
tiletamine anesthesia. Mice were sacrificed at day 1,
7, 14, 28 after treatment (n=12 per each time point).
Three test samples were prepared by pooling 4 sera or
broncho-alveolar lavage (BAL) fluid for the respective
time point. Blood was collected from the retro-orbital
venous plexus into heparinized capillary tubes on day
1, 7, 14 and 28 after instillation. A portion (20 pL) of
the whole blood samples was aliquot for cell pheno-
type analysis, and the rest was centrifuged at 13,000
rpm for 10 min to obtain a serum for cytokine assay.
BAL fluid collection was performed by cannulating
the trachea and lavaging the lungs with 1 mL of cold
PBS. Approximately 500~600 uL. BAL fluid was har-
vested per mouse and this was centrifuged at 3,000
rpm for 10 min. The supernatants were used to mea-
sure cytokines and the pellets were used to measure
GSH.

To isolate the splenocytes, the spleen was asepti-
cally removed from an ICR mouse and suspended by
passage through a sterile plastic strainer in Dulbecco’s
Modified Eagle’s Medium (DMEM) with 2% fetal
bovine serum (FBS). After centrifugation at 1,500 rpm
for 3 min, the supernatant was discarded and the
pellet was briefly vortexed in 500 pL distilled water,
then resuspended in DMEM with 2% FBS. The cells
were filtered through a nylon mesh to yield the final
splenocytes (Manosroi et al., 2005; Vendrame et al.,
2006; Cho et al., 2007).

Measurement of GSH

The level of GSH was determined using ortho-phth-
aldialdehyde (Sigma-Aldrich) by substrate. We added
1% of perchloric acid to the cell pellet and left it on ice
for 10 min. The cell lysates were centrifuged at 13,000
rpm for 5 min prior to analysis in order to remove
precipitated protein. Cell lysates, KH,PO,/EDTA buffer,
and o-phthaldialdehyde were placed in 96-black well
plates and incubated at room temperature for 30 min.
Fluorescence was measured using the microplate
spectrofluorometer (GeminiXPS, Molecular Devices)
with an excitation wavelength of 350 nm and an emis-
sion wavelength of 420 nm (Park et al., 2008). Results
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were calculated as nmol of glutathione per mg of
protein and presented as a percentage of the control
group. The values were compared using the student’s
t-test, and levels of significance were represented for
each result. Protein assays in the cell lysate were
performed using BCA protein assay kit (Pierce, Rockfold).

Measurement of cytokines and IgE

The concentrations of each cytokine and IgE in
serum and BAL fluid were determined using commer-
cially available ELISA kits (eBioscience) and IgE
ELISA kits (Komabiotech). The experiments were
performed according to the protocol provided by the
manufacturer. Finally, reactions were stopped by
adding 1 M H3PO4 and 2N H,SO,, respectively, and
the absorbance was measured at 450 nm using an
ELISA reader (Molecular Devices). The amount of
cytokine was calculated from the linear portion of the
standard curve (Park et al., 2009).

Immunophenotyping

All monoclonal antibodies were purchased from
eBioscience. T cells (CD3, 1:50), B cells (CD19, 1:50),
NK cells (DX5, 1:100), CD4* T cells (CD4*, 1:160), and
CD8" T cells (CDS8", 1:50) were identified using directly
conjugated anti-mouse antibodies. In brief, the spleno-
cytes and the serum were blocked with Fe-block
(eBioscience) to reduce non-specific antibody binding,
and they were incubated in the dark with the
appropriate fluorochrome-conjugated antibody for 20
min at 4°C. The cells were then washed with a FACS
buffer. The blood was lysed for 5 min with a FACS
lysis buffer (BD Bioscience) at room temperature, and
re-washed with a FACS buffer. Finally, each sample
was fixed with 1% paraformaldehyde until further
analysis. Flow cytometry analysis was performed on
the FACSCalibur system (BD Biosciences). Control
samples were matched for each fluorochrome. Data
were analyzed using CellQuest software (Becton
Dickinson) (Vendrame et al., 2006).

Gene expression of tissue

Gene expression analysis using RT-PCR was evalu-
ated. For the preparation of total RNA, the RNAgent
Total RNA Isolation System (Promega) was used
according to the manufacturer’s instructions. Amplifi-
ed cDNA products were separated on 1.5% agarose gel
by electrophoresis. Primers used for the respective
gene are shown in Table I.

Histopathology
Histopathology analysis was performed and read
under the responsibility of pathologist (Biotoxtech). In
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Table 1. Primer sequences used in this study
Primer GB NO. Sequence
MMP 1a NM 032006 (L) : gaaggaggccactggtgatt
(R) : tcagceccaaataactgetge
MMP 9 NM 013599 (L) : ggtcttececcaaagacctga
(R) : aggcctttgaaggtttggaa
MMP 11 NM 008606 (L) : cccatgecttctteectaag
(R) : getgtggtgtgttgtagece
MMP 13 NM 008607 (L) : tggacaagcagttccaaagg
(R) : aatggcatcaagggataggg
MMP 15 NM 008609 (L) : atgacatggggcagacacac
(R) : ctttgggggttecacagact
MMP 17 NM 011846 (L) : ctatttettecgaggecagg
(R) : aggatgccttggeagagact
MMP 19 NM 021412 (L) : ggccagaactgaccttagee
(R) : gagtaacgtceceggttgat
MMP 23 NM 011985 (L) : tgatggteccacaggtgaac
(R) : cgectgatettgetgtgagt
MMP 28 NM 080453 (L) : gatceccactgtcagagget
(R) : ttgtgtctecageacccagt
Timp 1 NM 011593 (L) : tatgcccacaagteeccagaa
(R) : cctgatcegtecacaaacag
SOD 1 NM 011434 (L) : cgteccatcagtatggggaca
(R) : aatggacacattggccacac
HSP 1a NM 010479 (L) : gctggattactgacagegga
(R) : ccgagttcaggatggttgtg
HSP 8 NM 031165 (L) : tcacagtgcecgettactte

(R) : gcagcagcagttggttcatt

brief, lungs from each mouse were fixed with 10%
neutral buffered formalin and processed using routine
histological techniques. After paraffin embedding, 3
mm sections were cut and stained with hematoxylin
and eosin (H&E) for histopathological evaluation.
Phagocytosis was determined by the dark color of
cells, which was read under the responsibility of
pathotoxicologist in a GLP facility.

Statistics

Statistically difference was analyzed using one-way
ANOVA test. Then, the results obtained from the
chemically-treated groups were compared to those of
the control group by Student t-test.

RESULTS

Physico-chemical properties of PNPs
We measured the physico-chemical properties of
PNPs suspended in PBS prior to the toxicity tests. As
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shown in Fig. 1A, PNPs showed quadrangle structure,
average particle sizes were 20.9 + 11.4 nm (Fig. 1B),
surface charge was 4.96 + 3.77 mV, average mobility
was 0.39 (Ws)/(V/em), and conductance was 24,831 uS.

Decrease of intracellular GSH by PNPs

It is known that cellular antioxidant molecules such
as GSH decrease when oxidative stress is increased in
the cells. In this study, the intracellular GSH level
was decreased after instillation (Fig. 2). The GSH
level in the BAL cells of the control group was 10.6
nmol/mg protein. However, the level was down to less
than 70% on day 28 after instillation.

Increase of cytokine by PNPs
We measured proinflammatory cytokine (IL-1, TNF-
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o and IL-6), THO cytokine (IL-2), TH1 cytokine (IL-
12), TH2 cytokine (IL-4 and IL-5), and tissue damage-
related cytokine (TGF ) in the BAL and the blood
(Fig. 3 and 4). In the BAL, IL-1, TNF-o, and IL-6
reached their maximum level on day 1 after instilla-
tion, and the detection level was 38.0 + 0.5 pg/mL,
62.1 £ 5.6 pg/mL, and 78.7 + 4.3 pg/mL, respectively.
IL-2 reached its maximum level (12.5 + 0.4 pg/mL) on
day 14, IL-12 was detected at 68.3 + 5.0 pg/mL on day
1, and IL-4 and IL-5 reached 12.0 + 0.8 pg/mL and 6.0
+ 0.0 pg/mL on day 14. Furthermore, TGF-p was in-
creased to 18.3 = 0.0 pg/mL on day 14. In the serum,
however, the others were not detected to a significant
level, whereas IL-6 and IL-12 reached their maximum
level at 49.0 + 0.3 pg/mL and 159.0 + 6.4 pg/mL on day
1 and day 14 after instillation, respectively.
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Fig. 1 TEM image and size distribution of PNPs: (A) TEM image, (B) Size distribution
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Fig. 2. Decrease of GSH in the total cells of BAL fluid. Mice
were treated with PNP (1 mg/kg) by a single intratracheal
instillation and they were sacrificed on the designated days.
Four mice were pooled to make one test sample from total
12 mice (n = 3). GSH was calculated as nmol of glutathione
per mg of protein and then presented as the percentage of
the control group. Significantly different from control group,
*p < 0.05, **p < 0.01.
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Fig. 3. Changes of cytokine levels in BAL fluid after a single
instillation of PNPs. Mice were treated with PNP (1 mg/kg)
by a single intratracheal instillation and they were sacri-
ficed on the designated days. Four mice were pooled to make
one test sample from total 12 mice (n = 3). Significantly dif-
ferent from control group, *p < 0.05, **p < 0.01.

Increase of IgE by PNPs
IgE levels in the BAL fluid and serum were shown
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Fig. 4. Changes of cytokine levels in the blood after a single
instillation of PNPs. Mice were treated with PNP (1 mg/kg)
by a single intratracheal instillation and they were sacri-
ficed on the designated days. Four mice were pooled to make
one test sample from total 12 mice (n = 3). Significantly
different from control group, *p < 0.05, **p < 0.01.
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Fig. 5. Levels of IgE in BAL fluid and in blood after a single
instillation of PNPs. Mice were treated with PNP (1 mg/kg)
by a single intratracheal instillation and they were sacri-
ficed on the designated days. Four mice were pooled to make
one test sample from total 12 mice (n = 3). Significantly dif-
ferent from control group, *p < 0.05, **p < 0.01.

Control

in Fig. 5. In the blood, IgE concentration was time-
dependently increased, and the detection level was 5.2
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+ 1.0 ng/mL on day 1, 6.3 £ 0.6 ng/mL on day 7, 11.7 +
1.2 ng/mL on day 14, and 29.1 = 1.4 ng/mL on day 28
after instillation. That of control was 4.0 + 0.3 ng/mL.
However, IgE level in BAL fluid was very low when
compared with those of serum level and the increased
by PNPs was not recognized.

Change of cell phenotype by PNPs

We investigated the changes of cellular distribution
in the lymphocytes (Fig. 6). In the blood of the control
group, portions of the NK cells, NKT cells, B cells, and
T cells were 7.34%, 4.58%, 25.02%, and 63.06%, but
cell compositions for the day 28-group changed to
3.28%, 2.20%, 67.48%, and 27.04%, respectively. This
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result means that the distribution of B cells was incre-
ased by PNPs. The changes of cellular distribution
shown in blood were also observed in the spleen. We
also investigated the composition of the T cell sub-
types in the blood. The ratio of CD4" T cells to CD8" T
cells (CD4*/CD8") changed from 3.52 in the control
group to 2.91 for the day-28 group, which shows the
increase of CD8' T cells.

Change of gene expression by PNPs

We investigated the changes of gene expression by
PNPs. As shown in Fig. 7, the expressions of matrix
metalloproteinase (MMP) -9, -11, -13, -17, and -23,
and heat shock protein (HSP) 70 family, 1A and 8A
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Fig. 6. Analysis of lymphocyte phenotypes by a single instillation of PNPs. Mice were treated with PNPs (1 mg/kg) by a
single intratracheal instillation and they were sacrificed on day 28. Four mice were pooled to make one test sample from
total 12 mice (n = 3). (A) lymphocyte phenotypes in the blood and in the spleen. (B) T subtypes in the blood lymphocytes.
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Fig. 7. Change of gene expression by a single instillation of
PNPs. RNA was extracted from the lungs of the mice
treated with PNPs (1 mg/kg) and amplified by RT-PCR
using the respective primers described in Table I. Results
were confirmed by several separate experiments and re-
presentative images were shown.

were increased on day 1 after instillation. But the
increased level was not observed during the rest of
experimental period. Gene expression of tissue inhi-
bitor of matrix metalloproteinase (Timp) 1 and super
oxide dismutase (SOD) were also increased until day 7
after PNPs instillation.

Histological change by PNPs

In the lungs, phagocytosis by alveolar macrophage
was observed during the experimental days. Cell in-
filtration in the lungs was also observed during the
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Fig. 8. Histopathology of lung after a single intratracheal
instillation of PNPs. Lung sections were stained with hema-
toxylin and eosin stains (x 200) after a single intratracheal
instillation of PNPs (1 mg/kg ). (A) vehicle control, (B) day 1,
(C) day 14, (D) day 28. Arrows indicate cell infiltration.

experimental period, while microgranulomatous lesions
persisted until day 7 (Fig. 8, Table II).

DISCUSSION

Widespread application of nanoparticles includes
enormous potential for human exposure and environ-
mental release. So, the future of nanotechnology will
depend on public acceptance of the risk/benefit analy-
sis (Tsuji et al., 2006). In general, manufactured nano-
particles can be produced by top-down and bottom-up
methods. Investigation on physico-chemical properties
of nanoparticles manufactured by bottom-up methods
1s essential in determining their potential toxicity in
biological systems because the toxicity of nanoparti-
cles mainly depends on their unique physico-chemical
properties.

PNPs and gold nanoparticles have been mainly
known to have an anti-oxidant and anti-inflammatory
effect in biological systems (Tsai et al., 2007; Kim et
al., 2008; Larsen et al., 2008; Onizawa et al., 2009).
However, some researchers suggested that gold nano-

Table II. Histopathological changes of lung by a single intratracheal instillation of PNPs (1 mg/kg)

Control Day 1 Day 7 Day 14  Day 28
Phagocytosis by alveolar macrophage 0 3 1 3 2
Microgranulomatous change around terminal bronchioles 0 1 0 0 0
Cell infiltration ( mononuclear cells and macrophage) around 0 2 2 2 2
alveolar space and alveolar wall
Cell infiltration ( neutrophil) around alveolar space and alveolar wall 0 1 - 1 1

The number of animals which have the respective observation is written. (- : not determined)
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particles induce adverse health effects, such as in-
flammation and oxidative stress in vivo and in vitro
(Goodman et al., 2004; Pan et al., 2007; Tedesco et al.,
2008; Cho et al., 2009). It was also reported that PEG-
coated gold nanoparticles (13 nm-sized) induced acute
inflammation and apoptosis in the liver, and that they
were accumulated in the liver and spleen for up to 7
days after injection (Cho et al., 2009). It was also
reported that gold nanoparticles (1.4 nm-sized) in-
duced cytotoxicity by oxidative stress, endogenous
ROS production, and depletion of the intracellular
antioxidant pool (Pan et al., 2007). In our study, PNPs
showed time-dependent decrease of intracellular GSH
in total cells collected from BAL fluid (Fig. 2). GSH is
an important protective antioxidant against free
radicals and it has been implicated in immune mo-
dulation and inflammatory responses (Rahman and
MacNee, 2000; Rahman et al., 2005).

Regulation of proinflammatory cytokines plays an
important role in an attack of chronic lung diseases
such as allergy, asthma, chronic obstructive pulmonary
disease (COPD), and fibrosis (Chung, 2005; Barnes,
2008). IL-1p is produced by macrophages, monocytes,
and dendritic cells, and is associated with pain with
fever. TNF-o regulates diverse cellular functions such
as apoptosis, inflammation, sepsis, and the develop-
ment of the immune system (Haider and Knofler,
2009). IL-6 is secreted by T cells and macrophages,
and act as chemotactics factor for neutrophils in
COPD signaling. In this study, the increased concen-
trations of pro-inflammatory cytokines in BAL fluid
(IL-1, TNF-0, and IL-6) by PNPs treatment were found
to be 4.8 fold, 36.5 fold, and 8.7 fold, compared with
the level of control group on day 1 after treatment
(Fig. 3).

IL-2 contributes to the differentiation and prolifer-
ation of T cells activated by macrophage. The concen-
tration of IL-2 increased by 4.9 fold compared to the
control group on day 14 after instillation, which reach-
ed the highest level. The T cells are differentiated to
the TH 1 cells and TH2 cells by TH1-type cytokine
(IL-12 and IFN-y) and TH2-type cytokine (IL-4, IL-5,
and IL-10), respectively. However, under many circu-
mstances in vivo, there is mixed responses of TH1 and
THZ2, and the overall effect is determined by which
responses dominate. IL-12 rapidly decreased after it
increased 6.5 fold for the control group on day 1, while
IL-4 and IL-5 remained at a significant level until day
28 after instillation. Furthermore, in this study, TGF-
B was remained at a significant level until day 28. The
TGF-B inhibits cell proliferation, suppresses immune
response, and enhances the formation of extracellular
matrix (Lawrence, 1996) (Fig. 3 and Fig. 4).
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Previous reports suggested that nanoparticles could
be translocated from the lungs to the circulatory sys-
tem and may induce host responses such as ROS gen-
eration, inflammatory cytokine release, and matrix
metalloproteinase (MMP) release (Wan et al., 2008).
MMPs also play an important role in the destruction
of normal tissue architecture, e.g., in rheumatoid
arthritis, osteoarthritis, autoimmune blistering skin
disorders, cutaneous photoaging, and tumor invasion
and metastasis (Johansson et al., 2000). In our study,
instillation of PNPs induced the gene expression of
MMPs and heat shock protein 70 with formation of
microgranuloma in the lung tissue (Fig. 7).

In addition, IgE secretion and distribution of the B
cells also markedly increased on day 28 after instil-
lation in this study (Fig. 5 and Fig. 6). According to
previous reports, persistent exposure to platinum salt
can cause chronic inflammations such as conjuncti-
vitis, urticaria, chronic dermatitis, lacrimation, sneezing,
rhinorrhea, coughs, dyspnea, bronchial asthma, and
cyanosis. One of these inflammations, bronchial
asthma 1is resulted from both IgE- and cell- mediated
immune responses. The induction level of IgE in BAL
fluid was very low compared to that of blood.

Based on the results generated in this study, it is
suggested that a single intratracheal instillation of
PNPs may induce various inflammatory responses
with the increases of cytokine production and IgE
level.
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