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Nanoparticles are widely used in nanomedicines, including for targeted delivery of pharma-
cological, therapeutic, and diagnostic agents. Since nanoparticles might translocate across
cellular barriers from the circulation into targeted organs, it is important to obtain informa-
tion concerning the pathophysiologic effects of these particles through systemic migration. In
the present study, acute pulmonary responses were examined after intraperitoneal (ip)
administration of ultrafine titanium dioxide (TiO,, 40 mg/kg) in mice at rest or in lungs
primed with lipopolysaccharide (LPS, ip, 5 mg/kg). Ultrafine TiO, exposure increased neutro-
phil influx, protein levels in bronchoalveolar lavage (BAL) fluid, and reactive oxygen species
(ROS) activity of BAL cells 4 h after exposure. Concomitantly, the levels of proinflammatory
mediators, such as tumor necrosis factor (TNF)-q, interleukin (IL)-13, and macrophage
inflammatory protein (MIP)-2 in BAL fluid and mRNA expression of TNF-a and IL-13 in lung
tissue were elevated post ultrafine TiO, exposure. Ultrafine TiO, exposure resulted in signifi-
cant activation of inflammatory signaling molecules, such as c-Src and p38 MAP kinase, in
lung tissue and alveolar macrophages, and the nuclear factor (NF)-xB pathway in pulmonary
tissue. Furthermore, ultrafine TiO, additively enhanced these inflammatory parameters and
this signaling pathway in lungs primed with lipopolysaccharide (LPS). Contrary to this trend,
a synergistic effect was found for TNF-« at the level of protein and mRNA expression. These
results suggest that ultrafine TiO, (P25) induces acute lung inflammation after ip administra-
tion, and exhibits additive or synergistic effects with LPS, at least partly, via activation of
oxidant-dependent inflammatory signaling and the NF-xB pathway, leading to increased pro-
duction of proinflammatory mediators.

Ultrafine titanium dioxide (TiO,), one type
of manufactured nanoparticle that is being
produced in tons each year, is found in white
paint, paper, ceramics, plastics, consumer
products (e.g., sunscreens and cosmetics), and
photocatalysts to purify air and water. Most of
the toxicity research on nanoparticles in vivo

has been carried out in laboratory animals with
a focus on respiratory-system exposures to
assess significant adverse health effects,
because it is a potential portal of entry for air-
borne ultrafine particles (Oberdorster et al.,
2005). The results of several prolonged inhala-
tion exposure studies on rodents demonstrated

This work was supported by the special grant from Ewha Medical Research Center, School of Medicine, Ewha Woman’s University.
The Ethics Review Committee for Animal Experimentation of Ewha Woman’s University School of Medicine approved the experimental
protocol. The findings and conclusions in this report are those of the authors and do not necessarily represent the views of the National

Institute for Occupational Safety and Health.

Address correspondence to Dr. Jihee Lee Kang, Department of Physiology, School of Medicine, Ewha Woman’s University, 911-1
Mok-6-dong, Yangcheon-ku, Seoul 158-056, Korea. E-mail: jihee@ewha.ac.kr



PULMONARY INFLAMMATION AFTER IP ULTRAFINE TiO,

that high levels of ultrafine TiO, (2-10 mg/kg)
produced inflammation, pulmonary damage,
fibrosis, and lung tumors (Bermudez et al.,
2004; Warheit et al., 2006). Renwick et al.
(2004) reported that acute toxicity of intratra-
cheal (i.t.) instillation of ultrafine TiO, (1 mg/kg)
on lung epithelium was associated with devel-
opment of inflammation and increased
chemotactic activity of alveolar macrophages.
Furthermore, a significant portion of inhaled
ultrafine TiO, may migrate into the alveolar
interstitium and pulmonary capillaries within
24 h of lung deposition (Muhlfeld et al., 2007;
Oberdorster et al., 2005).

Nanosized TiO, has potential applications
in nanomedicine for molecular imaging, diag-
nosis, drug delivery, anticancer therapy, and
gene therapy, although it was reported to pro-
duce pulmonary toxicity after i.t. inhalation or
instillation. Recently, TiO, nanoparticles were
proposed as a suitable method of delivering
drugs to tissue or cells (Lopez et al., 2006,
2007; Ayon et al., 2006; Xu et al., 2007).
Lopez et al. (2008) reported using TiO, nano-
particle carriers (approximately 40-50 mg/kg)
in animal models to test therapeutic effects on
brain tumors.

Titanium is widely used in the manufacture
of odontological and orthopedic implants.
Thus, recent investigations were undertaken to
obtain information on the biological responses
and toxicity and to gain insight into targets of
intravenously  (iv) or orally administered
ultrafine TiO,. Fabian et al. (2008) found that in
rats exposed to ultrafine TiO, (5 mg/kg body
weight) by a single iv injection showed peak
TiO, levels at d 1 in liver, spleen, lung, and kid-
neys with no apparent adverse health effects. In
contrast, ultrafine TiO, administered at a much
higher dose (5 g/kg) to mice by a single oral gav-
age (Wang et al., 2007) resulted in hepatic and
kidney dysfunction. Several studies from
Olmedo et al. (2008a, 2008b) demonstrated
that at 6 mo postinjection (16 g/kg, ip), TiO, (1
um in diameter) was present in all organs
examined through systemic migration in rats.
However, little is known about acute lung reac-
tions following systemic exposure to ultrafine
TiO, at an appropriate therapeutic dose range.
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Acute and chronic exposure to increased
ambient amounts of particulate matter (PM) is
associated with an increase in morbidity and
mortality for cardiopulmonary conditions
(Dockery & Pope, 1994; Pope et al., 1995a;
Schwartz et al., 1996; Krewski et al., 2005).
One intriguing aspect of the epidemiological
data is that adverse health effects are primarily
seen in people with preexisting inflammatory
lung disease (Pope et al., 1995b; Schwartz,
1994). A plausible biologic mechanism linking
short-term particle exposure and pathophysio-
logic effects has not been elucidated. In the
present study, acute toxicity of ultrafine TiO,
was examined on the lung after ip administra-
tion (40 mgkg). Furthermore, pulmonary
responses to ultrafine TiO, in lungs primed by
lipopolysaccharide (LPS) were also deter-
mined. In particular, the effects of ip exposure
to ultrafine TiO, were determined on inflam-
matory signaling pathways and transcription
factor activation in lungs both in the absence
and presence of LPS.

METHODS

Reagents

Lipopolysaccharide (LPS; Escherichia coli
lipopolysaccharide, 055:B5) was purchased
from Sigma Chemical Company (St. Louis,
MO). The antibodies used in this study were
rabbit anti-phospho-c-Src (pY418), anti-c-Src,
anti-rabbit phospho-p38 MAP kinase/p38 MAP
kinase, anti-IkB-a rabbit polyclonal, and
antiphospho-lxB-a (Serine 32) (New England
Biolabs, Inc., Beverly, MA).

Particle Sieving and Suspension

Ultrafine titanium dioxide (Aeroxide TiO,
P-25, 80% anatase and 20% rutile, primary
particle diameter of 21 nm) was obtained as a
gift from the Degussa Corporation (Parsippany,
NJ). The surface area of the ultrafine TiO, sam-
ple, determined by BET (Brunauer, Emmett,
and Teller) gas absorption, was 48.08 m?/g
(Sager et al., 2008). The particulate sample was
sieved in a Retsch AS 200 sieve (Retsch GmbH,
Haan, Germany) at a vibration amplitude of
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50 for 15 min to break apart large clumps.
Three different sieve sizes (1.18 mm, 250 um,
45 um openings) were used successively in the
sieving process.

Prior to suspension, the particle samples
were sterilized by heating at 160°C for 90
min in a dry oven. The particles were sus-
pended in Ca*?- and Mg**-free phosphate-
buffered saline (PBS) containing 10 pg/ml
dipalmitoyl phosphatidylcholine (DPPC) plus
0.6 mg/ml bovine serum albumin (BSA).
DPPC was prepared as a 10 mg/ml stock solu-
tion in absolute ethanol. Thus, the final con-
centration of ethanol in the dispersion
medium was 0.1 % (v/v) (Sager et al., 2007).
Electron microscopic evaluation of such sus-
pension indicates that the majority of TiO,
structures were in the 200-300 nm range
(Sager et al., 2008). Pulmonary exposure to
the dispersion medium did not affect baseline
lung reactions (Sager et al., 2007).

Animal Protocols

Specific-pathogen-free male BALB/c mice
(Daehan Biolink Co. Eumsung-Gun, Chungbuk,
Republic of Korea) weighing 19-21 g were
used in all experiments. The Ethics Review
Committee for Animal Experimentation of
Ewha Woman’s University School of Medicine
approved the experimental protocol. Mice
were cared for and handled in accordance
with the National Institutes of Health (NIH)
Guide for the Care and Use of Laboratory
Animals.

Mice were divided into four experimental
groups. The vehicle group was injected ip in
200 pl sterile PBS. The nanoparticle group was
injected ip with a suspension of ultrafine TiO,
(40 mg/kg body weight). The LPS group was
injected ip with LPS (5 mg/kg) dissolved in vehi-
cle as described for lung injury models (Severg-
nini et al., 2005). The LPS and nanoparticle
group was injected ip with a suspension of
ultrafine TiO, (40 mg/kg body weight) 30 min
after the LPS injection (5 mg/kg). Mice revived
unassisted after approximately 10-20 min.
Animals were sacrificed at 4 h after TiO,, and
the following parameters were monitored: (1)
cell differential and protein content in
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bronchoalveolar lavage (BAL) fluid; (2) oxidant
production in BAL cells; (3) mRNA expression
and protein levels of proinflammatory media-
tors in lung tissue and BAL fluid, respectively;
(4) activation of inflammatory signaling mole-
cules, such as c-SRC and p38 MAP kinase, in
lung tissue; and (5) activation of nuclear factor-
kB (NF-xB) and activator protein-1 (AP-1) in
lung tissue.

Isolation of Bronchoalveolar Lavage
(BAL) Cells, Lung Tissue, and Cell Counts

Mice were anesthetized with a mixture of
ketamine and xylazine (200 and 10 mg/kg, ip,
respectively) and exsanguinated by cutting
the descending aorta. Bronchoalveolar lavage
(BAL) was performed through a tracheal can-
nula using 0.8-ml aliquots of ice-cold Ca**/
Mg**-free phosphate-buffered medium (145
mM NaCl, 5 mM KCI, 1.9 mM NaH,PO,,
9.35 mM Na,HPO,, and 5.5 mM dextrose;
pH 7.4) to a total of 2.4 ml for each mouse.
BAL samples so obtained were centrifuged at
500 x g for 5 min at 4°C, and cell pellets
were washed and resuspended in phosphate-
buffered medium. Cell counts were deter-
mined using an electronic Coulter Counter
fitted with a cell sizing analyzer (Coulter
model ZBIl with a channelizer 256; Coulter
Electronics, Bedfordshire, UK), as described
by Lane and Mehta (1990). Neutrophils and
alveolar macrophages were identified by their
characteristic of cell diameter (Castranova et
al., 1990). Cytospin preparations of BAL cells
were stained with a modified Wright-Giemsa
stain (VWR, Boston) to identify alveolar mac-
rophages loaded with TiO, particles (Huynh
et al., 2005). Recovered cells were 98%
viable, as determined by trypan blue dye
exclusion. After BAL, lungs were removed,
immediately frozen in liquid nitrogen, and
stored at —70°C.

Cell Culture

Alveolar macrophages from each animal
group were isolated by adhesion (60 min) and
cultured in serum-free X-vivo 10. Murine RAW
264.7 macrophages (American type Culture
Collection [ATCC]) were cultured in Dulbecco’s
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modified Eagle’s medium (DMEM) supple-
mented with 5% heat-inactivated fetal bovine
serum (HyClone, Logan, UT), 2 mM L-glutamine,
100 ug/ml streptomycin, and 100 U/ml penicil-
line in humidified 10% CO, at 37°C. Cells
from passages 7 and 8 only were used in parti-
cle experiments.

Measurement of Total Protein

BAL sample protein concentration was
used as an indicator of air/blood barrier integ-
rity. Total protein was measured using super-
natants from the first BAL fluid samples
according to the method of Hartree (1972),
using bovine serum albumin (BSA) as a standard.

Measurement of Intracellular ROS
Generation

BAL cells (2.5 x 10° cells/well) were
stained with 10 puM H,DCF-DA (2’,7’-
dichlorofluorescein diacetate) in PBS for 30
min at 37°C. DCF fluorescence intensity was
measured at 488 nm excitation and at 525 nm
emission using a fluorescence microplate
reader (Molecular Devices, CA).

Measurement of TNF-q, IL-13, and MIP-2

Supernatants from the first BAL fluid sam-
ples were assayed using tumor necrosis factor
(TNF)-q, interleukin (IL)-13, and macrophage
inflammatory protein (MIP)-2 (BioSource Inter-
national, Camarillo, CA) enzyme-linked immu-
nosorbent assay (ELISA) kits (R &D Systems,
Minneapolis, MN) according to the manufac-
turer’s instructions.

RNA Isolation and RT-PCR

Total RNA was isolated from lung homoge-
nates using TRIzol reagent (Invitrogen Life
Technologies, Carlsbad, CA). The concentra-
tion and purity of RNA were evaluated by
spectrometry at 260 and 280 nm. Reverse
transcription was conducted for 60 min at
42°C with 1 pg of total RNA using Power
cDNA  Synthesis kit (Intron Biotechnology,
Seoul, Korea). TNF-a. and IL-18 mRNA levels
were determined using relative quantitative
PCR kit (Intron Biotechnology). The sequences
of the primers used for the PCR were as
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follows: TNF-a (sense 5-GAA CTG GCA GAA
GAG GCA CTC-3’" and anti-sense 5"-AGG GTC
TGG GCC ATA CAA CTG-3%), IL-18 (sense
5-TCG CTC AGG GTC ACA ACA AA-3" and
anti-sense 5-ATC AGA GGC AAG GAG GAA
ACA C-3%), and p-actin (sense 5’-GAT GAC
GAT ATC GCT GCG CTG-3’ and anti-sense
5’-GTA CGA CCA GAG GCA TAC AGG-3)).
The cDNA was denatured for 5 min at 94°C,
and the amplification was achieved in a tem-
perature cycler (Perkin Elmer GeneAmp PCR
System 2400, Waltham, MA) by 30 cycles of
temperature (94°C for 30 s, 54 °C for 30 s,
72°C for 30 s), followed by a 7-min final exten-
sion at 72°C. A total of 5 ul of each PCR sam-
ple was loaded on a 1.5% agarose gel stained
with ethidium bromide. The relative densities
of the cytokine vs p-actin were analyzed by
densitometry.

Western Blot Analysis

Lung tissue homogenate and cell lysate
samples (50 pg protein/lane) were separated
on 10% sodium dodecyl sulfate (SDS)-
polyacrylamide gels. Separated proteins were
electrophoretically transferred onto nitrocellu-
lose paper and blocked for 1 h at room tem-
perature with Tris-buffered saline containing
3% bovine serum albumin (BSA). Membranes
were then incubated with the indicated anti-
body and visualized by enhanced chemilumi-
nescence (ECL).

Nuclear Extracts

Nuclear extracts were prepared using a
modification of the method described by Lee
et al. (2007). Nuclear extracts were prepared
from lung tissue samples. Aliquots of frozen tis-
sue were placed in a Precellys tissue homoge-
nizer (Bertin Technol., Cedex, France),
containing 0.5 ml buffer A (100 mM HEPES,
pH 7.9, 10 mM KCl, 0.1 M ethylenediamine
tetraacetic acid [EDTA], 0.5 mM dithiothreitol
[DTTI, 0.6% Nonidet P-40, and 0.5 mM phe-
nylmethylsulfonyl fluoride [PMSF]) to lyse cells.
Supernatants containing intact nuclei were
incubated on ice for 5 min and centrifuged for
10 min at 5000 rpm. Nuclear pellets were
resuspended in buffer C (20 mM HEPES, pH
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7.9, 20% glycerol, 0.42 M NaCl, T mM EDTA,
and 0.5 mM PMSF) for 30 min on ice. The
supernatants, which contained nuclear pro-
teins, were collected by centrifuging at 8500 x g
for 2 min and stored at —70°C.

Electrophoretic Mobility Shift Assay
(EMSA)

Binding reaction mixtures (10 ul), contain-
ing 5 ug (4 ul) of nuclear extract protein, 2 ug
poly (dI-dC)-poly (dI-dC) (Sigma Co., St. Louis.
MO), and 40,000 cpm *?P-labeled probe in
binding buffer (4 mM HEPES, pH 7.9, T mM
MgCl,, 0.5 mM DTT, 2% glycerol, and 20 mM
NaCl) were incubated for 30 min at room tem-
perature. Protein-DNA complexes were sepa-
rated on 5% non-denaturing polyacrylamide
gels in 1 x TBE buffer and autoradiographed.
Autoradiograph signals of activated nuclear fac-
tor (NF)-sB or activator protein (AP)-1 were
quantitated by densitometry using an UltroScan
XL laser densitometer (LKB, model 2222-020,
Bromma, Sweden) to determine band intensities.

The oligonucleotide used as a probe for
electrophoretic mobility shift assay (EMSA) was
a double-stranded DNA fragment, containing
the NF-sB (5"-CCTGTGCTCCGGGAATTTC-
CCTGGCC-3’) and AP-1 (5-CTGCGCTTGAT-
GACTCAGCAGCCCGGA-3) consensus
sequence and labeled with [a-**P]-dATP
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(Amersham, Buckinghamshire, UK) using DNA
polymerase Klenow fragment (Life Technolo-
gies, Gaithersburg, MD). Cold competition and
nonspecific binding were performed by adding
100 ng unlabeled double-stranded probe to
reaction mixtures.

Statistical Analysis

Values are expressed as means * standard
errors. Intergroup comparisons were made
using one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test. Statistical
significance was accepted for p values <.05.

RESULTS

Effects of Ultrafine TiO, on BAL Protein
and Inflammatory Cell Yield

To evaluate the magnitude of pulmonary
inflammation, recruitment of inflammatory
cells into lungs was determined 4 h after ip
administration of ultrafine TiO, (Figure 1A).
Ultrafine TiO, alone significantly increased
neutrophil numbers in BAL fluid 2.2-fold. As
expected, ip LPS exposure significantly ele-
vated the number 2.9 fold. When ultrafine
TiO, was administered 30 min after LPS expo-
sure (the LPS + nanoparticle group), neutro-
phil numbers were increased 4.9-fold, which
was not significantly different from the sum of

Protein [ mg/ml]
*

LPS

LES
UFTiO2

0
Vehicle UFTiO2

FIGURE 1. Effects of ip administered ultrafine TiO, on BAL inflammatory cell yields and protein accumulation in BAL fluid. Mice were
administered ip vehicle, ultrafine TiO, (40 mg/kg), LPS (5 mg/kg), or ultrafine TiO, (40 mg/kg) 30 min after LPS (5 mg/kg), and were
sacrificed at 4 h post TiO,. Values represent means = SEM of 10 mice per group. Asterisk indicates significantly different from the vehicle

group, p < .05.
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effects of separate treatment with nanoparti-
cles or LPS. Alveolar macrophage numbers
were not affected 4 h after these stimulants
were administered alone or together com-
pared with vehicle (data not shown).

Protein accumulation in BAL fluid 4 h after
ip administration of ultrafine TiO,, as an indi-
cator of air/blood barrier integrity is shown in
Figure 1B. Exposure to nanoparticles or LPS
significantly enhanced protein levels in BAL
fluid by 1.3- and 1.5-fold, respectively. The
protein levels in the LPS + nanoparticle group
were increased by 2.4-fold compared with
vehicle, but this level was not significantly
greater than the sum of responses in the nano-
particle or LPS individually.

Effects of Ultrafine TiO,on Oxidant
Generation by BAL Cells

To investigate the contribution of oxidative
stress after ip exposure to ultrafine TiO,, intrac-
ellular oxidant generation by BAL cells was
examined using the DCF-DA probe. Ultrafine
TiO, enhanced ROS generation 1.7-fold and
the values were comparable to those of LPS-
exposed mice (Figure 2). Furthermore, The
ROS levels in the LPS + nanoparticle group
were increased by 3.2-fold compared with
control. This latter level was not significantly
greater than the sum of responses in nanoparti-
cle or LPS alone.

Effects of Ultrafine TiO,on Protein Levels
and mRNA Expression of
Proinflammatory Mediators in Lung
Tissue

Tumor necrosis factor (TNF)-q, interleukin
(IL)-18, and macrophage inflammatory protein
(MIP)-2 are representative proinflammatory
mediators that play major roles in neutrophil
influx and lung damage. The nanoparticles
increased protein levels of TNF-o, IL-13, and
MIP-2 by 2.3-, 1.8-, and 1.8-fold, respectively
(Figure 3, A, B, and C). As expected, LPS expo-
sure significantly elevated protein levels (TNF-o,
IL-13, and MIP-2) 4.3-, 2.1-, and 3.3-fold.
These mediator levels in the LPS + nanoparticle
group were increased by 14-, 3.1-, and
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FIGURE 2. Effects of ip administered ultrafine TiO, on oxidant
generation by BAL cells. Mice were administered ip vehicle,
ultrafine TiO, (40 mg/kg), LPS (5 mg/kg), or ultrafine TiO,
(40 mg/kg) 30 min after LPS (5 mg/kg), and were sacrificed at 4 h
post TiO,. BAL cells were incubated with H,DCFH-DA for 30
min at rest. DCF fluorescence intensity was measured using a
fluorescence microplate reader. Increases in intracellular ROS
are expressed as fold induction over the vehicle. Values repre-

sent means £ SEM of 10 mice per group. Asterisk indicates
significantly different from the vehicle group, p < .05.

4.5-fold, respectively, compared with vehicle.
For IL-13 and MIP-2, the responses to com-
bined exposures did not differ significantly
from the sum of the individual responses.

To determine whether the enhancement
occurred at the level of transcription, quantita-
tive reverse-transcription polymerase chain
reaction (RT-PCR) was used to determine
mRNA expression of proinflammatory cytokines,
TNF-a and IL-13, in lung tissue. LPS exposure
markedly increased steady-state mRNA expres-
sion for TNF-a (Figure 3D) and IL-173 (Figure 3E)
compared with vehicle. Ultrafine TiO, expo-
sure produced a significant rise in the mRNA
expression for both cytokines. These mRNA
levels in the LPS + nanoparticle group were
further increased after combined exposures to
nanoparticles and LPS.

Effects of Ultrafine TiO, on Activation of
Inflammatory Signaling Molecules

Since ultrafine TiO, elevated oxidant
generation in BAL cells and inflammatory
mediator production at both the mRNA and
protein levels, it was important to determine
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FIGURE 3. Effects of ip administered ultrafine TiO, on protein levels and mRNA expression of pro-inflammatory mediators. Mice were
administered ip vehicle, ultrafine TiO, (40 mg/kg), LPS (5 mg/kg), or ultrafine TiO, (40 mg/kg) 30 min after LPS (5 mg/kg), and were
sacrificed at 4 h post TiO,. Protein levels of TNF-a (A) L-13 (B), and MIP-2 (C) in BAL fluid samples were quantified using enzyme-
linked immunosorbent assays. mRNA expression of TNF-o(D) and IL-13 (E) was measured in lung tissue. For quantification, PCR bands
in photographs of the gel were scanned by a densitometer linked to a computer analysis system. Reverse transcription polymerase
chain reaction technique was used to measure relative differences in transcript amounts after normalization versus amounts of the ref-
erence gene g-actin. Values represent means + SEM of 10 mice per group. Asterisk indicates significantly different from the vehicle

group, p < .05.

whether this is regulated by oxidant-depen-
dent signaling. The c-Src tyrosine kinase (TK)
and p38 mitogen-activated protein (MAP)
kinase play key roles in oxidant-mediated sig-
nal transduction and proinflammatory media-
tor production during acute lung injury (Ding
et al., 1999; Khadaroo et al., 2003; Kim et al.,
2006; Lee et al., 2007; Nishida et al., 2000).
Thus, phosphorylation of c-Src and p38 MAP
kinase was studied in lung tissue and alveolar
macrophages 4 h after ip administration of
ultrafine TiO, or LPS. LPS exposure resulted in
marked increases in phosphorylation of these
molecules in lung tissue and alveolar macroph-
ages. Ultrafine TiO, enhanced the phosphory-
lation of c-Src and p38 MAP kinase in lung
tissue (Figure 4, A and B) and p38 MAP kinase
in alveolar macrophages (Figure 4, C and D).
The effects of ultrafine TiO, on phosphoryla-
tion of these kinases were also observed

following in vitro exposure (Figure 4E), where
phosphorylated c-Src and p38 MAP kinase lev-
els in RAW 264.7 macrophages peaked 30 min
after exposure to ultrafine TiO, (0.5 pg/ml) and
then declined up to 90 min following expo-
sure. Phosphorylation levels of both kinases in
the LPS + ultrafine TiO, group in lung tissue
and alveolar macrophages were not signifi-
cantly different from the sum of the responses
to LPS or nanoparticles alone.

Effects of Ultrafine TiO, on Activation
of NF-«<B and AP-1 in Lung Tissue

The genes that encode many inflammatory
mediators, such as TNF-q, IL-13, and MIP-2,
are under the control of the oxidant-sensitive
inflammation-related transcription factors NF-
xB and AP-1 (Drouet et al., 1991; Rhoades
et al., 1992). Src TKs and MAP kinase signaling
pathways were correlated with activation of
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FIGURE 4. Effects of ultrafine TiO, on phosphorylation of c-Src and p38 MAP kinase in lung tissue (A, B), alveolar macrophages (C, D)
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p38 MAP kinase Ab was performed on lung tissue homogenates and cell lysates. Relative values for the phosphorylated signaling
molecule versus the corresponding are indicated below the gel. Values represent means = SEM of five mice per group (A, B) or three
independent experiments in alveolar macrophages from two or three mice per group (C, D). Asterisk indicates significantly different from

the vehicle group, p < .05. (E) Results are representative results.

these transcription factors (Lee et al., 2007; Kang
et al., 2006; Kim et al., 2006; Shaulian & Karin,
2002). In the present study, phosphorylation of c-
Src and p38 MAP kinase occurred after ultrafine
TiO, exposure. Further, DNA binding activities of
NF-+B and AP-1 were markedly elevated in lung

tissue after LPS exposure. Ultrafine TiO, expo-
sure resulted in a significant rise in NF-xB activa-
tion (Figure 5A), while the increase in AP-1
activation was not significant (Figure 5B).
Ultrafine TiO, increased phosphorylation (Figure
5C) and degradation (Figure 5D) of 1xB-ain lung
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p < .05.

tissue. NF-xB activation and phosphorylation and
degradation of [xB-« in lungs of the ultrafine TiO,
+ LPS group were not significantly different from
the sum of the individual effects of LPS or nano-
particles. These activities were specific for NF-xB
or AP-1, since the addition of the cold competi-
tor for each transcription factor eliminated spe-
cific bands in each samples for the LPS or/and
ultrafine TiO, group, but the addition of the non-
specific competitor did not (data not shown).

Alveolar Macrophages Were Loaded
With Particles

To verify translocation of ultrafine TiO, to
lung after ip administration, cytospins of BAL
cells were conducted from the nanoparticle
and LPS + nanoparticle group and microscopi-
cally examined. Alveolar macrophages con-
taining particles in their cytoplasm were clearly
identified in both groups (Figure 6 A). Further-
more, the percentage of cells containing
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FIGURE 6. Alveolar macrophages containing particles after ip
exposure. Mice were administered ip vehicle, ultrafine TiO,
(40 mg/kg) at rest, or were administered ip ultrafine TiO, (40
mg/kg) 30 min after LPS (5 mg/kg), and were sacrificed at 4 h
post TiO,. (A) Note the presence of BAL cytospin alveolar
macrophages containing particles. (B) Percentages of cells
containing particles per 200 alveolar macrophages in light
microscopic field. Asterisk indicates significantly different
between levels of the LPS + ultrafine TiO, group and the
ultrafine TiO, group, p < .05.

particles per 200 alveolar macrophages in light-
microscopic fields from the LPS + nanoparticle
group was 1.8-fold greater than in nanoparticle
group (Figure 6B). These findings indicate that
ultrafine TiO, administered ip by the systemic
route migrates and translocates to the lung
across the blood-air barrier and that this translo-
cation of particles is enhanced by LPS.

DISCUSSION

This is the first study to demonstrate acute
lung inflammatory responses to ultrafine TiO,
following ip administration. A second novel
observation in the present study is that
ultrafine  TiO, exhibits additivity in lungs
primed by LPS. TiO, particles are not only
transported in blood by cells, but also trans-
ported by plasma (Urban et al., 2000). Indeed,
our cytospin findings indicated that ultrafine
TiO, administered systemically migrated to the
lung across the blood-air barrier and were
engulfed by alveolar macrophages. There was
no detectable inflammatory response or organ
toxicity in the lung, liver, spleen, and kidneys
on d 1 after iv treatment of rats with ultrafine
TiO, (5 mg/kg) (Fabian et al., 2008). In con-
trast, nanosized TiO, administered orally to
mice at a single much higher dose (5 g/kg body
weight) produced changes in serum biochemi-
cal parameters (alanine aminotransferase/
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aspartate aminotransferase [ALT/ASTI, lactate
dehydrogenase [LDH]) and pathology, indicat-
ing hepatic injury in 2 wk (Wang et al., 2007).
In the same study, increased blood urea nitro-
gen (BUN) and renal pathological changes
were also observed in the treated animals. In
addition, significant increases in serum LDH
and alpha-hydroxybutyrate dehydrogenase
(HBDH) suggested myocardial damage.
Warheit et al. (2007) reported similar evidence
of organ and tissue damage or dysfunction 48 h
after an oral dose of 175, 550, or 1750 mg/kg
given to rats. However, there are no reports
indicating acute toxicity of ultrafine TiO, to
lung after iv or ip administration. Using a dose
of TiO, nanoparticles adapted from animal
models for the development as drug carriers
(Lopez et al., 2008), particles were injected ip
into mice at a dose of 40 mg/kg in the current
study. Lung inflammatory responses were
shown 4 h postexposure, as demonstrated by
significant increases in neutrophil influx and
protein accumulation in BAL fluid. The differ-
ence between the results regarding lung toxic-
ity in our current study and those of Fabien
et al. (2008) seems to be related to the higher
dose (eightfold), although it cannot be
excluded that different experimental animal
species used (mice vs. rats) or the samples ana-
lyzed (BAL fluid vs serum samples), or the
exposure routes (ip vs. iv) may account for dif-
ferences between these studies.

Previously, Kang et al. (2008) demon-
strated that in vitro exposure of RAW 264.7
macrophages to ultrafine TiO, exerted signifi-
cant biological activity as measured by reactive
oxygen species (ROS) generation and proin-
flammatory mediator (TNF-a.and MIP-2) secre-
tion. Recently, Monteiller et al. (2007) noted
that IL-8 protein release and glutathione (GSH)
depletion in human alveolar epithelial type Il-like
cells predicted pro-inflammatory effects and
oxidative stress after in vivo treatment with
ultrafine TiO,. Consistent with this study, the
present investigation reported that ultrafine
TiO, increased ROS generation in BAL cells
and proinflammatory mediator (TNF-a, IL-15,
and MIP-2) production in BAL fluid. Interest-
ingly, oxidant generation by BAL cells in the
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nanoparticle group was comparable to the LPS
group. The elevation of mRNA levels for TNF-a
and IL-14in lung tissue indicates that enhance-
ment occurred at the level of transcription.
Since the increases in production of these
mediators and ROS were associated with neu-
trophil influx and lung injury (Blackwell et al.,
1996; Kristof et al., 1998), these factors may play
an important role in ultrafine TiO,-induced lung
inflammation. Although the precise mecha-
nisms through which ip injected particles exert
biological effects on lungs are unknown, it is
possible that direct passage of nanoparticles to
the lung rather than systemic inflammatory
effects may be involved, since ultrafine TiO,
did not induce significant alterations in TNF-«
and MIP-2 levels in serum 4 h postexposure
(data not shown).

To date, there have been few data eluci-
dating molecular mechanisms related to
inflammatory responses to ultrafine TiO, expo-
sure. In the current study, the inflammatory
signaling cascades involving activation of c-Src
and p38 MAP kinase were noted in lung and
alveolar macrophages after exposure to
ultrafine TiO,. Activation of these kinases and
ERK (Kang et al., 2008) in RAW 264.7 mac-
rophages was also found after in vitro exposure
to ultrafine TiO,. These in vivo and in vitro
data also support the concept that ultrafine
TiO, acts directly following passage after sys-
temic exposure to affect these signaling path-
ways in alveolar macrophages. Further,
ultrafine TiO, induced activation of NF-xB
through phosphorylation and degradation of
IkB-a. However, activation of AP-1 was less
striking at this time point. The Src family
tyrosine kinases were shown to play key roles
in oxidant-mediated signal transduction in lym-
phocytes and macrophages (Khadaroo et al.
2003; Nishida et al., 2000). The c-Src activa-
tion is required for phosphorylation of IxB-«
and NF-sB activation in macrophages stimu-
lated with TNF-q, silica, or LPS (Abu-Amer et al.,
1998; Kang et al., 2005, 2006). Another group
of oxidant-dependent signaling molecules
potentially important in inflammation is the
MAP kinases. Friedland et al. (2001) reported
that p38 MAP kinase regulates NF-xB-driven
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gene expression, in part, by increasing the
association of the basal transcription factor,
TATA-binding protein with the p65 subunit of
NF-xB. Previously, Lee et al. (2007) demon-
strated that PP1 and SB203580, a specific
inhibitor of Src TK and p38 MAP kinase (Kim
etal., 2006), respectively, blocked the phos-
phorylation and degradation of 1xB-«, and the
DNA binding activity of NF-sB in the lung 4 h
after LPS instillation. Data thus indicated that
Src TK and p38 MAP kinase play important
roles in the induction of NF-xB pathway
in vivo. Taken together, elucidating mecha-
nisms for the ultrafine TiO,-induced inflamma-
tory signaling cascades leading to NF-xB
activation associated with oxidative stress is of
basic importance.

Circulating endotoxin was linked to the
development of acute lung injury in critically ill
patients and experimentally following systemic
exposure (Denis et al., 1994). In our experi-
mental model, ultrafine TiO, was administered
30 min after LPS exposure to mimic the
context of the already primed lung by LPS.
Additive enhancement of neutrophil influx and
protein accumulation was observed in the LPS +
ultrafine TiO, group, as compared with the
sum of the effects of ultrafine TiO, and LPS
exposure alone. In parallel, the LPS + ultrafine
TiO, group showed additive enhancement of
levels of ROS and both mRNA and proteins for
proinflammatory mediators. Contrary to this
trend, a synergistic effect was noted for TNF-a
at the levels of protein and mRNA expression.
In agreement, a synergistic effect of ultrafine
TiO, on TNF-a production was also reported
in RAW 264.7 cells stimulated with LPS (Kang
et al., 2008). Additive activation of c-Src and
the NF-xB pathway in lung tissue by exposure
to ultrafine TiO, was also observed in lungs
primed by LPS.

In summary, a well-defined mouse model
exhibiting acute pulmonary inflammation after
ip exposure to ultrafine TiO, is described. In
general, ultrafine TiO, exposure in LPS-treated
mice resulted in additive effects on neutrophil
influx, protein accumulation in BAL fluid, ROS
generation in BAL cells, and production of
proinflammatory mediators, such as IL-13 and
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MIP-2, but with a synergistic effect seen for
TNF-a. Oxidant-dependent inflammatory sig-
naling cascades, including activations of c-Src,
p38 MAP kinase, and NF-xB pathway, appear
to play an important mechanistic role in
inflammatory responses to ultrafine TiO, expo-
sure. However, the effects observed here were
only for the P-25 TiO, (80% anatase and 20%
rutile) tested and cannot be extrapolated to
other TiO, nanoparticles or nanomaterials that
may have different physicochemical character-
istics (mineral type, crystallinity, size distribu-
tion, or surface property/reactivity). A diagram
depicting translocation of ultrafine TiO, to the
lung following ip injection and a schematic
summary of the proposed inflammatory signal-
ing pathways leading to transcription of proin-
flammatory genes in lung cells or alveolar
macrophages after ultrafine TiO, exposure are
given in Figure 7, A and B, respectively.
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