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Exposure  to  TiO2 NPs  could  be significantly  accumulated  in  the  lung.
Exposure  to  TiO2 NPs  caused  pulmonary  injury  in  mice.
Exposure  to  TiO2 NP  promoted  the  expression  of inflammatory  cytokines  in  the  lung.
Exposure  to  TiO2 NP  caused  ROS  overproduction  in  the  lung.
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a  b  s  t  r  a  c  t

Exposure  to  titanium  dioxide  nanoparticles  (TiO2 NPs)  has been  demonstrated  to  result  in pulmonary
inflammation  in  animals;  however,  very  little  is known  about  the  molecular  mechanisms  of  pulmonary
injury  due  to TiO2 NPs  exposure.  The  aim  of  this  study  was  to  evaluate  the oxidative  stress  and  molecular
mechanism  associated  with  pulmonary  inflammation  in chronic  lung  toxicity  caused  by  the  intratracheal
instillation  of TiO2 NPs  for 90 consecutive  days  in  mice.  Our  findings  suggest  that  TiO2 NPs  are  significantly
accumulated  in the  lung,  leading  to  an  obvious  increase  in lung  indices,  inflammation  and  bleeding  in the
lung. Exposure  to TiO2 NPs  significantly  increased  the  accumulation  of  reactive  oxygen  species  and the
level  of  lipid  peroxidation,  and  decreased  antioxidant  capacity  in  the  lung.  Furthermore,  TiO2 NPs expo-
xidative stress
nflammation
ytokines

sure  activated  nuclear  factor-�B,  increased  the  levels  of tumor  necrosis  factor-�,  cyclooxygenase-2,  heme
oxygenase-1,  interleukin-2,  interleukin-4,  interleukin-6,  interleukin-8,  interleukin-10,  interleukin-18,
interleukin-1�,  and  CYP1A1  expression.  However,  TiO2 NPs  exposure  decreased  NF-�B-inhibiting  factor
and  heat  shock  protein  70 expression.  Our  results  suggest  that  the generation  of  pulmonary  inflamma-
tion  caused  by TiO2 NPs  in mice  is  closely  related  to  oxidative  stress  and  the  expression  of  inflammatory

cytokines.

. Introduction

Titanium dioxide nanoparticles (TiO2 NPs) are a white pigment

idely used in paints, plastics, ceramics, rubber and cosmetics. The
rimary building blocks of TiO2 NPs may  become suspended in air
uring production, distribution, and use. Therefore, manufactured
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TiO2 NPs can become a component of indoor and outdoor envi-
ronments and thus may be present in the air we  breathe. Because
these particles are in the respirable size range, it is important to
investigate the potential lung effects of TiO2 NPs suspended in air
as aerosols [1–3].

Over the past decade, various studies have unequivocally shown
that TiO2 NPs are able to enter into the interstitial spaces of the lung
[4–6]. Importantly, previous studies demonstrated that exposure
to TiO2 NPs resulted in reactive oxygen species (ROS) accumula-
tion in human or rat alveolar macrophages in vitro [7],  elevated

levels of lipid peroxidation, hydrogen peroxide radicals, alveo-
lar macrophage numbers, and increased activities of glutathione
peroxidase, glutathione reductase 6-phosphate glucose dehydro-
genase, and glutathione S-transferase in rats, which showed that
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iO2 NPs induced the generation of antioxidant enzymes by a cel-
ular self-protection mechanism without decreasing the free radical
oisoning effect [8].  By exposing human bronchial epithelial cells to
iO2 NPs, Gurr et al. also found that TiO2 NPs induced DNA damage,
ipid peroxidation, and micronuclei formation in vitro [9]. Grassian
t al. demonstrated that exposing mice to TiO2 NPs was  essen-
ially negative and showed reversible inflammation characterized
y an increase in alveolar macrophages in lungs [10]. Furthermore,
amilton Jr. et al. also suggested that TiO2 NPs exposure can initi-
te an inflammatory reaction and induce inflammasome activation
nd the release of inflammatory cytokines through a cathepsin B-
ediated mechanism in mouse lung [11]. Although these studies

onfirmed that TiO2 NPs could enter the lung, resulting in oxida-
ive stress and inflammatory responses, the molecular mechanism
f TiO2 NPs-induced pulmonary inflammation is unclear.

Therefore, in this study, mice were continuously exposed to 2.5,
, or 10 mg/kg body weight TiO2 NPs administered by intratracheal

nstillation for 90 consecutive days, and oxidative stress, alter-
tions in the expression of inflammatory cytokines, and apoptosis
n mouse lung were investigated to determine the mechanism of
ulmonary inflammation caused by TiO2 NPs exposure in mice.

. Materials and methods

.1. Chemicals and preparation

Nanoparticulate anatase TiO2 was prepared via controlled
ydrolysis of titanium tetrabutoxide. The details of the synthe-
is and characterization of TiO2 NPs were previously described by
ang et al. [12] and Hu et al. [13], respectively. The average particle
ize contained in the powder suspended in 0.5% (w/v) hydrox-
propylmethylcellulose (HPMC) K4 M solvent after 12 h and 24 h
ncubation ranged from 5 to 6 nm.  The mean hydrodynamic diam-
ter of the TiO2 NPs in HPMC solvent ranged from 208 to 330 nm
mainly 294 nm), and the zeta potential after 12 h and 24 h incuba-
ion was 7.57 mV  and 9.28 mV,  respectively [13].

.2. Animals and treatment

It was previously demonstrated by Wang et al. that sensitiv-
ty to TiO2 exposure was higher in CD-1 (ICR) female mice than in
D-1 (ICR) male mice [5].  Therefore, CD-1 (ICR) female mice were
sed in this study. 80 CD-1 (ICR) female mice (24 ± 2 g) were pur-
hased from the Animal Center of Soochow University (China). The
ice were housed in stainless steel cages in a ventilated animal

oom. Room temperature of the housing facility was maintained at
4 ± 2 ◦C with a relative humidity of 60 ± 10% and a 12-h light/dark
ycle. Distilled water and sterilized food were available ad libitum.
rior to dosing, the mice were acclimated to this environment for

 days. All animals were handled in accordance with the guide-
ines and protocols approved by the Care and Use of Animals
ommittee of Soochow University (China). All procedures used

n the animal experiments conformed to the U.S. National Insti-
utes of Health Guide for the Care and Use of Laboratory Animals
14].

For the experiment, the mice were randomly divided into four
roups (N = 20), including a control group (treated with 0.5%, w/v,
PMC) and three experimental groups (2.5, 5, and 10 mg/kg BW
iO2 NPs). The mice were weighed, and the TiO2 NP suspensions
ere administered to the mice by intratracheal instillation every

ay for 90 days. Any symptoms or mortality were observed and
ecorded carefully every day during the 90-day period. After 90
ays, the mice were first weighed, and then sacrificed after being
nesthetized using ether.
aterials 235– 236 (2012) 47– 53

2.3. Coefficient of lung

After weighing the body and lungs, the coefficient of lung to
body weight was  calculated as the ratio of lung (wet weight, mg)
to body weight (g).

2.4. Titanium content analysis

Lungs were removed from storage at −80 ◦C and then thawed.
Approximately 0.2 g of the lung was  weighed, digested and ana-
lyzed for titanium content. Inductively coupled plasma-mass
spectrometry (ICP-MS, Thermo Elemental X7, Thermo Electron Co.,
USA) was used to analyze the titanium concentration in the sam-
ples. For the analysis, an Indium concentration of 20 ng/mL was
utilized as an internal standard element, and the detection limit of
titanium was  0.074 ng/mL. The data were expressed as nanograms
per gram fresh tissue.

2.5. Histopathological examination of lung

For the pathological studies, all histopathological tests were per-
formed using standard laboratory procedures [15]. The lungs were
embedded in paraffin blocks, then sliced into sections 5 �m thick
and placed onto glass slides. After hematoxylin–eosin (HE) stain-
ing, the slides were observed and photographs were taken using an
optical microscope (Nikon U-III Multi-point Sensor System, USA).
The pathologist was  blind to the identity and analysis of the pathol-
ogy slides.

2.6. Assay of cytokine expression

The levels of mRNA expression of nuclear factor-�B (NF-�B),
NF-�B-inhibiting factor (I�B), tumor necrosis factor-� (TNF-
�), interleukin-2 (IL-2), interleukin-4 (IL-4), interleukin-6 (IL-6),
interleukin-8 (IL-8), interleukin-10 (IL-10), interleukin-18 (IL-
18), interleukin-1�  (IL-1�), cyclooxygenase 2 (COX-2), heme
oxygenase-1 (HO-1), cytochrome p450 1A (CYP1A) and heat shock
protein 70 (HSP70) in mouse lung were determined using real-time
quantitative RT polymerase chain reaction (RT-PCR) [16–18].  Syn-
thesized cDNA was used for real-time-PCR by employing primers
that were designed using Primer Express Software according to
the software guidelines. PCR primer sequences are available upon
request. To determine NF-�B, I�B, TNF-�, IL-2, IL-4, IL-6, IL-8, IL-
10, IL-18, IL-6, IL-1�, COX-2, HO-1, CYP1A1 and HSP-70 levels in
mouse lung, ELISA was performed using commercial kits selec-
tive for each respective protein (R&D Systems, USA) following the
manufacturer’s instructions. The absorbance was measured on a
microplate reader at 450 nm (Varioskan Flash, Thermo Electron,
Finland), and the concentrations of NF-�B, I�B, TNF-�, IL-2, IL-4, IL-
6, IL-8, IL-10, IL-18, IL-6, IL-1�, COX-2, HO-1, CYP1A1 and HSP-70
were calculated from a standard curve for each sample.

2.7. Assay of ROS and lipid peroxidation levels in lung

ROS assay: O2·− in lung tissues was measured by monitoring the
reduction of 3′-{1-[(phenylamino)carbonyl]-3,4-tetrazolium}–bis
(4-methoxy-6-nitro) benzenesulfonic acid hydrate (XTT) in the
presence of O2·−, as described by Oliveira et al. [19]. Detection of
H2O2 in lung tissues was  carried out using the xylenol orange assay
[20].
Lipid peroxidation level in lung tissue was determined as the
concentration of malondialdehyde (MDA) generated by the thio-
barbituric acid reaction, as previously described by Buege and Aust
[21].



Q. Sun et al. / Journal of Hazardous Materials 235– 236 (2012) 47– 53 49

0 2.5 5 10
0

200

400

600

c

b

a

TiO2 NPs dose  (mg/kg  BW)

T
i 

co
n
te

n
t 

(n
g
/g

 t
is

su
e)

 

Fig. 1. The contents of titanium in the mouse lung after an intratracheal instillation
with TiO2 NPs for 90 consecutive days. Treatments with different letters indicate
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Fig. 2. The coefficients of lung of mice by an intratracheal instillation with TiO2

NPs for 90 consecutive days. Treatments with different letters indicate significantly
different values (p < 0.05). Values represent means ± SE (N = 20).
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ignificantly different values (p < 0.01). Values represent means ± SE (N = 5).

.8. Assay of glutathione in lung

In order to perform the reduced glutathione (GSH) assay, the
ungs were homogenized as described above. However, super-
atants were not diluted five-fold as described in the case of the

ntioxidant enzyme assays. GSH contents were estimated using the
ethod of Hissin and Hilf [22].

ig. 3. Histopathological observation caused by an intratracheal instillation with TiO2 N
ulmonary alveoli; (b) 2.5 mg/kg TiO2 NPs group presents pulmonary emphysema (blue c
ell  infiltration (green cycle), congestion of blood vessel (blue arrow); (d) 10 mg/kg TiO
eferences to color in the artwork, the reader is referred to the web  version of the article.
2.9. Statistical analysis

Statistical analyses were conducted using SPSS 17 software. Data
were expressed as means ± standard error (SE). One-way analysis
of variance (ANOVA) was  carried out to compare the differences
in means among multi-group data. Dunnett’s test was  performed
when each dataset was  compared with the solvent-control data.

Statistical significance for all tests was  judged at a probability level
of 0.05 (p < 0.05).

Ps for 90 consecutive days. (a) Control group (unexposed mice) presents normal
ycle) and edema (white cycle); (c) 5 mg/kg TiO2 NPs group indicates inflammatory
2 NPs group indicates pulmonary bleeding (blue cycle). (For interpretation of the
)



5 ous Materials 235– 236 (2012) 47– 53

3

3

i
N
fi
t
c
b
a
v

3

T
t
w
c
p
B
t

3

i
s
i
o
g
a
s
i
I
I
c
w

3

l
c
H
F
i
s
t
s

3

N
G
0
c

4

T

0 2.5 5 10
0

20

40

60

80

100

120

c

b

a

R
O

S
 g

en
er

at
in

g
 r

at
e 

(n
m

o
l/

m
g
 p

ro
te

in
. m

in
) 

O2
.-

H2O2

TiO2 NPs dose  (mg/kg  BW)

Fig. 4. ROS accumulation of the mouse lung after an intratracheal instillation with
TiO2 NPs for 90 consecutive days. Treatments with different letters indicate signifi-
cantly different values (p < 0.05). Values represent means ± SE (N = 5).
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Fig. 5. MDA  contents of the mouse lung after an intratracheal instillation with TiO2

NPs for 90 consecutive days. Treatments with different letters indicate significantly
different values (p < 0.05). Values represent means ± SE (N = 5).
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. Results

.1. Titanium accumulation and lung coefficient

Titanium accumulation in the lung was observed with increas-
ng TiO2 NPs dose (Fig. 1) (p < 0.01). Furthermore, exposure to TiO2
Ps for 90 consecutive days caused significant increases in the coef-
cients of lung (p < 0.05 or p < 0.01) (Fig. 2). These results showed
hat accumulation of titanium in the lung was associated with the
oefficients of lung in mice. The increase in lung indices caused
y TiO2 NPs exposure may  be related to lung function impairment
nd lung injury, which were confirmed by histopathological obser-
ation of mouse lung and assays of biochemical parameters.

.2. Lung histopathology

Fig. 3 shows the histopathological changes in lungs exposed to
iO2 NPs. In mice treated with 2.5 mg/kg BW TiO2 NPs, pulmonary
issue showed significant emphysema and edema. In mice treated
ith 5 mg/kg BW TiO2 NPs, inflammatory cell infiltration, and

ongestion of blood vessels were observed (Fig. 3c). Furthermore,
ulmonary bleeding was observed in mice treated with 10 mg/kg
W TiO2 NPs (Fig. 3d). These findings indicated that lung injury due
o TiO2 NPs exposure occurred in a dose-dependent manner.

.3. Cytokine expression

Histopathological observations indicated that injury and the
nflammatory response occurred in mouse lung following expo-
ure to TiO2 NPs. To confirm the role of molecular mechanisms
n TiO2 NPs-induced lung injury, changes in the expression
f inflammation-related genes or antioxidative capacity-related
enes and their proteins caused by TiO2 NP exposure in mice were
ssessed using real time RT-PCR and ELISA (Tables 1 and 2). It can be
een in Tables 1 and 2 that TiO2 NP exposure resulted in significant
ncreases in NF-�B, COX-2, HO-1, TNF-�, IL-2, IL-4, IL-6, IL-8, IL-10,
L-18, IL-1�, and CYP1A1 expression, while significant decreases in
�B and HSP-70 expression in mouse kidney compared with the
ontrol (p < 0.05 or 0.01) were observed, which were consistent
ith the trends in lung injury.

.4. ROS accumulation and lipid peroxidation level

To further confirm molecular mechanisms in TiO2 NPs-induced
ung injury, we determined the rate of ROS generation and MDA
ontent in lung. The effects of TiO2 NPs on the rate of O2·− and
2O2 generation and MDA  content in mouse lungs are shown in
igs. 4 and 5. The rate of O2·− and H2O2 generation and MDA  content
n the lung in the 2.5, 5, and 10 mg  TiO2 NPs-treated groups were
ignificantly different from the control (p < 0.05 or 0.01), indicating
hat exposure to long-term low dose TiO2 NPs resulted in oxidative
tress in the lung.

.5. GSH content of lung

GSH content in the mouse lung following exposure to TiO2
Ps is presented in Fig. 6. With increasing doses of TiO2 NPs, the
SH content in the lung was significantly decreased (p < 0.05 or
.01), suggesting that TiO2 NPs exposure decreased the antioxidant
apacity of the lung.
. Discussion

The present study suggests that the intratracheal instillation of
iO2 NPs at doses of 2.5, 5, and 10 mg/kg BW for 90 consecutive days

Fig. 6. The GSH content of the mouse lung after an intratracheal instillation with
TiO2 NPs for 90 consecutive days. Treatments with different letters indicate signifi-
cantly different values (p < 0.05). Values represent means ± SE (N = 5).
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Table  1
Effect of TiO2 NPs on the amplification of regulating the inflammation, immune and oxidative stress gene mRNA of the mouse lung by real-time PCR analysis after an
intratracheal instillation with TiO2 NPs for 90 consecutive days.

Ratio of gene/actin TiO2 NPs (mg/kg BW)

0 2.5 5 10

NF-�B/actin 0.39 ± 0.020a 0.47 ± 0.023b 0.73 ± 0.037c 1.23 ± 0.062d
I�B/actin 0.66 ± 0.033a 0.51 ± 0.026b 0.39 ± 0.020c 0.26 ± 0.013d
COX-2/actin 0.59 ±  0.030a 0.72 ± 0.036b 0.96 ± 0.048c 1.23 ± 0.062d
HO-1/actin 0.85  ± 0.043a 1.14 ± 0.057b 2.06 ± 0.103c 3.174 ± 0.159d
TNF-˛/actin  0.08 ± 0.004a 0.11 ± 0.006b 0.19 ± 0.010c 0.28 ± 0.014d
IL-2/actin 0.05 ± 0.003a 0.08 ± 0.004b 0.12 ± 0.006c 0.18 ± 0.009d
IL-4/actin 0.05 ± 0.003a 0.07 ± 0.004b 0.11 ± 0.006c 0.16 ± 0.008d
IL-6/actin 0.04 ± 0.002a 0.06 ± 0.003b 0.09 ± 0.005c 0.13 ± 0.007d
IL-8/actin 0.05 ±  0.003a 0.08 ± 0.004b 0.10 ± 0.005c 0.14 ± 0.007d
IL-10/actin 0.08 ±  0.004a 0.11 ± 0.006b 0.14 ± 0.007c 0.18 ± 0.009d
IL-18/actin 0.28 ± 0.014a 0.34 ± 0.017b 0.41 ± 0.021c 0.52 ± 0.026d
IL-1ˇ/actin 0.16  ± 0.008a 0.21 ± 0.011b 0.31 ± 0.016c 0.39 ± 0.020d
CYP1A1/actin 0.37 ± 0.019a 0.46 ± 0.023b 0.73 ± 0.037c 1.05 ± 0.053d

6 ± 0.
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HSP-70/actin 0.31 ± 0.016a 0.2

reatments with different letters indicate significantly different values (p < 0.05). Va

an be accumulated in mouse lung (Fig. 1). Furthermore, the accu-
ulated TiO2 NPs can significantly increase lung indices (Fig. 2), and

nduce histopathological changes in the lung, such as emphysema,
dema, inflammatory cell infiltration, congestion of blood vessels
nd pulmonary bleeding (Fig. 3). Warheit et al. demonstrated that
xposure to intratracheal instillation of TiO2 NPs produced pul-
onary inflammatory responses in the rat lung [23,24]. Adult male

CR mice exposed to a single intratracheal dose of 0.1 or 0.5 mg
iO2 NPs, showed emphysema, macrophage accumulation, exten-
ive disruption of alveolar septa, type II pneumocyte hyperplasia,
nd epithelial cell apoptosis in the lung [25]. Chen et al. observed
lveolar septal thickening, neutrophil infiltration, and thrombosis
n the pulmonary vascular system in mice after an intraperitoneal
njection of 324, 648, 972, 1296, 1944 and 2592 mg/kg BW TiO2 NPs
3.6 nm)  for 7 days, respectively, which demonstrated the genera-
ion of inflammation and the blockage of blood vessels in mouse
ung [26]. However, Wang et al. suggested that a fixed large dose
f 5 g/kg BW of TiO2 NPs for 14 days did not result in abnormal
hanges in mouse lung [5]. The present study suggests that chronic
ung injury in mice may  be triggered by oxidative stress and alter-
tions in the expression of inflammatory cytokines caused by TiO2
Ps which resulted in the generation of inflammation and bleeding

n the lung.

The current study was undertaken to address the mechanisms

f NF-�B activation in pulmonary inflammation caused by TiO2 NPs
n mice. In our previous studies, we showed that TiO2 NPs exposure
ed to increased NF-�B expression in the liver, spleen, and kidney

able 2
ffect of TiO2 NPs on the inflammatory cytokin protein levels of the mouse lung by ELISA

Protein expression TiO2 NPs (mg/kg BW)

0 2.5 

NF-�B(ng/g tissue) 50.20 ± 2.51a 60.81 ± 3
I�B(ng/g  tissue) 13.69 ± 0.68a 10.51 ± 0
COX-2(ng/g tissue) 30.53 ± 1.53a 48.43 ± 2
HO-1(pg g tissue) 22.16 ± 1.11a 31.73 ± 1
TNF-�(ng/g  tissue) 19.05 ± 0.95a 33.33 ± 1
IL-2(ng/g tissue) 16.17 ± 0.81a 26.43 ± 1
IL-4(ng/g tissue) 33.80 ± 1.69a 48.35 ± 2
IL-6(ng/g tissue) 10.78 ± 0.54a 18.81 ± 0
IL-8(ng/g tissue) 53.66 ± 2.68a 73.73 ± 3
IL-10(ng/g tissue) 20.65 ± 1.03a 30.70 ± 1
IL-18(ng/g tissue) 61.66 ± 3.08a 82.83 ± 4
IL-1�(ng/g  tissue) 153.20 ± 7.66a 203.48 ± 1
CYP1A1(ng/g tissue) 8.06 ± 0.40a 12.36 ± 0
HSP-70(ng/g tissue) 30.49 ± 1.52a 23.82 ± 1

reatments with different letters indicate significantly different values (p < 0.05). Values r
013b 0.21 ± 0.011c 0.12 ± 0.006d

epresent means ± SE (N = 5).

of mice [27–31].  In the present study, we have provided further
in vivo evidence for the activation of the classical NF-�B path-
way in mouse lung, which involves a reduction in I�B expression
(Tables 1 and 2). COX-2 is a classic pro-inflammatory gene induced
by NF-�B, and is known to occupy an important position in the
regulation of pulmonary inflammation [32]. In the present study,
COX-2 expression was significantly induced in vivo following TiO2
NPs exposure (Tables 1 and 2). In addition, we observed a significant
increase in HO-1 expression in the TiO2 NPs-exposed mouse lung
(Tables 1 and 2). HO-1 induction is considered a sensitive oxidative
stress marker [33] and has been shown to be increased in spleen tis-
sue of TiO2 NPs-exposed mice [30]. These findings provided further
support for the well-known role of oxidative stress in TiO2 NPs-
elicited pathology [13,30,34,35].  The evaluation of NF-�B pathway
activation on multiple levels is necessary, as there may be different
mechanisms involved. While cytokines such as TNF-�, IL-1�, IL-2,
IL-4, IL-6, IL-8, IL-10, and IL-18 induce the canonical pathway char-
acterized by I�B degradation, exposure to TiO2 NPs has also been
shown to activate NF-�B in the liver via reduction of I�B expres-
sion [29]. These inflammatory cytokines are considered important
factors in the development of silicosis [12–14] and are well-known
inducers of NF-�B in various cell types [8–11]. Our data demon-
strate that TiO2 NPs exposure can significantly induce TNF-�, IL-1�,

IL-2, IL-4, IL-6, IL-8, IL-10, and IL-18 expression (Tables 1 and 2), sug-
gesting that these cytokines play crucial roles in TiO2 NPs-induced
NF-�B activation in the lung. This is in accordance with previous
investigations in our laboratory [27].

 analysis after an intratracheal instillation with TiO2 NPs for 90 consecutive days.

5 10

.04b 75.65 ± 3.78c 96.41 ± 4.82d

.53b 8.98 ± 0.45c 7.64 ± 0.38d

.42b 61.37 ± 3.07c 75.87 ± 3.79d

.59b 45.72 ± 2.29c 65.19 ± 3.26d

.67b 47.75 ± 2.39c 68.09 ± 3.40d

.32b 37.77 ± 1.89c 48.89 ± 2.44d

.42b 66.06 ± 3.30c 87.84 ± 4.39d

.94b 30.97 ± 1.55c 41.22 ± 2.06d

.69b 86.62 ± 4.33c 105.68 ± 5.28d

.54b 42.85 ± 2.14c 59.99 ± 3.00d

.14b 105.98 ± 5.30c 131.59 ± 6.58d
0.17b 254.66 ± 12.73c 315.87 ± 15.79d
.62b 17.85 ± 0.89c 22.81 ± 1.14d
.19b 17.09 ± 0.85c 11.14 ± 0.56d

epresent means ± SE (N = 5).
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To address the potential role of ROS in NF-�B activation in the
ung, the accumulation of O2·−and H2O2 in lung was  evaluated,

hich showed that TiO2 NPs exposure significantly increased ROS
nd lipid peroxidation levels (Figs. 4 and 5). H2O2 is known to pos-
ess NF-�B activating properties, albeit in a cell specific-manner
36,37]. H2O2 is formed upon the dismutation of superoxide anions
hich are generated in large amounts by activated macrophages
uring inflammation. The generation of ROS in mouse lung was not
nly shown in this study to be TiO2 NPs-concentration dependent,
ut also led to a notable reduction in I�B expression in the lung.
his finding may  be due to the fact that H2O2 has been found to
ctivate NF-�B through a classical pathway in the lung, involving
�B expression. In line with these observations, we  also observed
n obvious decrease in GSH content in the lung caused by TiO2 NPs
xposure (Fig. 6). In alveolar epithelial cells, GSH is considered to be
he most important intracellular antioxidant [38]. Lower levels of
ntracellular GSH have been associated with enhanced NF-�B acti-
ation [39]. In Jurkat cells, increased intracellular GSH levels have
een shown to block H2O2-induced NF-kB activation [36]. There is
lso evidence for the interplay between ROS and cytokines in NF-�B
nduction [40]. Our findings suggest that oxidative stress is a key

echanism in the activation of NF-�B in mouse lung caused by TiO2
Ps exposure. This is evidenced by the ability of H2O2 to activate
F-�B, as well as the finding that modulation of the intracellular
ntioxidant level influenced classical NF-�B pathway activation.

In addition, our data suggest that TiO2 NPs exposure sig-
ificantly increased CYP1A expression, but caused a significant
eduction in HSP70 expression in the lung (Tables 1 and 2). CYP1A
nd HSP70 represent different processes that cells follow to detox-
fy and/or defend against environmental toxicants. Therefore, the
ncrease in CYP1A expression and reduction in HSP70 expression
n the lung after 90 days exposure to TiO2 NPs imply a slow bio-
ransformation/detoxification in the lung [41–43].

. Conclusion

The current study showed that mice treated with 2.5, 5 and
0 mg/kg BW TiO2 NPs for 90 consecutive days showed lung injury,
hich was associated with alterations in inflammatory-related

ytokines and oxidative stress. Our findings also underscore the
mportance of further elucidation of the involvement of NF-�B-
ependent signaling pathways in the development and progression
f pulmonary disorders induced by TiO2 NPs exposure.
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