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ABSTRACT: TiO, nanoparticles (NPs) are used in the food industry but have potential toxic effects in humans and animals.
TiO, NPs impair renal function and cause oxidative stress and renal inflammation in mice, associated with inhibition of nuclear
factor erythroid-2-related factor 2 (Nrf2), which regulates genes encoding many antioxidants and detoxifying enzymes. This
study determined whether TiO, NPs activated the Nrf2 signaling pathway. Mice exhibited accumulation of reactive oxygen
species and peroxidation of lipid, protein, and DNA in the kidney, coupled with renal dysfunction, glutathione depletion,
inflammatory cell infiltration, fatty degeneration, and apoptosis. These were associated with increased expression of NOX4,
cyclooxygenase-2, and nuclear factor-kB. Oxidative stress and inflammation were accompanied by decreased expression of Nrf2
and down-regulation of its target gene products including heme oxygenase 1, glutamate—cysteine ligase catalytic subunit, and
glutathione S-transferase. Chronic TiO, NP exposure is associated with suppression of Nrf2, which contributes to the

pathogenesis of oxidative stress and inflammation.
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B INTRODUCTION

TiO, nanoparticles (NPs) are frequently used in vitamin
manufacturing. According to U.S. federal regulations, the
quantity of TiO, (non-NPs) should not exceed 1% by weight
of the food. Currently, TiO, NPs are used in the food industry,
dietary supplements, and crop production.' ™ In addition, TiO,
NPs are applied widely in other areas such as medicine,
consumer products, paints and surface coatings, and environ-
mental decontamination of air, soil, and water.*”® Although
TiO, is considered to be a safe material, concerns have been
raised about its potential adverse health effects in humans and
animals.'”"" As a result of its toxic potential, TiO, has been
classified by the International Agency for Research on Cancer
as “possibly carcinogenic to humans” by inhalation.'” A major
route of human exposure to TiO, NPs is through food intake
and its use as a pharmaceutical additive, where TiO, NPs are
used widely as food-coloring agents."

The photocatalytic properties of TiO, NPs cause various
toxic effects in the lungs,M_17 gills,18 liver,'9 726 spleen,27_30
brain,>' * reproductive system,39’40 and heart*! in animals.
Specifically, exposure to TiO, NPs can cause renal injuries. For
instance, TiO, NPs accumulate in the kidneys of rainbow
trout;** increase blood urea nitrogen and creatinine levels in
rats, resulting in renal tubular damage,19 and cause glomerular
dilatation in mice.” Our previous studies also suggested that
TiO, NP exposure led to renal injury and dysfunction.**~*
Toxicity is exerted through overproduction of reactive oxygen
species (ROS) and altered expression of inflammation-related
cytokines in mice. However, the molecular mechanism of TiO,
NP-induced renal oxidative damage is still not well understood.
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Excess production of ROS causes tissue injury and
dysfunction by impairing structural and functional molecules
and by stimulating redox-sensitive transcription factors and
signal transduction pathways. These events lead to necrosis,
apoptosis, and inflammation. Redox systems including anti-
oxidant enzymes and phase II detoxifying and antioxidant
agents provide protection against ROS-induced tissue injury.
Nuclear factor erythroid-2-related factor 2 (Nrf2) plays an
important role in basal activity and coordinated induction of
genes encoding numerous antioxidant and phase II detoxifying
enzymes and related proteins.*® To explore the molecular
mechanism of TiO, NP-induced oxidative stress in mouse
kidney, it is necessary to focus on the oxidative stress-
responding Nrf2/antioxidant responsive elements (AREs)
pathway of nephrotoxicity. Nrf2 can be evaluated as target
transcription factors of TiO, NP-induced toxicity. When
activated by oxidative stress, Nrf2 breaks free from Kelch-like
ECH-associated protein 1 (Keapl) and translocates into the
nucleus, where it binds to an antioxidant response factor, a cis-
acting enhancer sequence that mediates the transcriptional
activation of genes in response to oxidative stress, including
heme oxygenase (HO)-1* and glutamate—cysteine ligase
catalytic subunit (GCLC).>® They have antioxidant capacity
and act as potent anti-inflammatory proteins whenever
oxidative injury takes place.”" Rapid induction of HO-1 follows
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various stresses.”>>* Previous studies have suggested protective
roles of HO-1 and GCLC in various inflammatory and
apoptotic conditions.*>"®" Progression of renal disease in
mice is largely driven by inflammation and oxidative stress
under conditions of TiO, NP-induced nephrotoxicity.*~*
Oxidative stress and inflammation are inseparably linked, and
they form a vicious cycle in which oxidative stress provokes
inflammation by several mechanisms, including activation of
nuclear factor (NF)-kB, which leads to the activation and
recruitment of immune cells. Inflammation, in turn, provokes
oxidative stress via production of reactive oxygen, nitrogen, and
halogen species by activated leukocytes and resident cells.
Glutathione S-transferase (GST) is a major cellular detox-
ification enzyme. This enzyme catalyzes the conjugation of
various electrophiles with reduced glutathione, which plays an
important role in biotransformation of xenobiotic and
endogenous toxic compounds. The role of GST is considered
to be an important mechanism in resistance to toxicants of
animals.**®®> In addition, GST has non-selenium-dependent
glutathione peroxidase activity and can remove highly reactive
electrophilic components, such as lipid hydroperoxide.®* Due to
its detoxification function and antioxidative activity, GST can
be specifically induced by xenobiotic toxic compounds and
might contribute to improved toxicant tolerance. Induction of
GST activity was found in animal exposure to xenobiotic
compounds.”® Thus, GST is often used as an oxidative stress
biomarker. Together, these events promote tissue damage by
inflicting apoptosis, necrosis, and fibrosis. We hypothesized that
TiO, NP-induced renal inflammation and oxidative damage
may be associated with the Nrf2 pathway in mouse kidney.

In the present study, mice were continuously exposed to 2.5,
S, or 10 mg/kg TiO, NPs administered by intragastric
instillation for 6 consecutive months. Oxidative stress and
alterations in inflammatory cytokine expression in mouse
kidney were investigated to determine the mechanisms of
Nrf2—Keapl activation in renal inflammation and oxidative
stress caused by TiO, NP exposure.

B MATERIALS AND METHODS

Chemicals and Preparation. Anatase TiO, NPs were prepared
via controlled hydrolysis of titanium tetrabutoxide, as described
previously.>>*® X-ray diffraction (XRD) measurements showed that
TiO, NPs exhibited a 101 peak of anatase. The average particle size of
powdered TiO, NPs suspended in 0.5% w/v hydroxypropylmethyl-
cellulose (HPMC) K4M solvent after 24 h (5 mg/mL) of incubation
ranged from 5 to 6 nm, and the surface area was 174.8 m?/g. The
mean hydrodynamic diameter of TiO, NPs in HPMC solvent (S mg/
mL) ranged from 208 to 330 nm (mainly 294 nm), and the { potential
after 24 h of incubation was 9.28 mV.

Animals and Treatment. One hundred and sixty CD-1 (ICR)
male mice (20 + 2 g body weight) were purchased from the Animal
Center of Soochow University (China). All mice were housed in
stainless steel cages in a ventilated animal room. Room temperature of
the housing facility was maintained at 24 + 2 °C with a relative
humidity of 60 & 10% and a 12 h light/dark cycle. Distilled water and
sterilized food were available for mice ad libitum. Prior to dosing, the
mice were acclimated to this environment for S days. All procedures
used in animal experiments conformed to the U.S. National Institutes
of Health Guide for the Care and Use of Laboratory Animals.

TiO, NP powder was dispersed onto the surface of 0.5% w/v
HPMC, and the suspension containing TiO, NPs was treated
ultrasonically for 30 min and mechanically vibrated for 5 min. The
mice were randomly divided into four groups (1 = 40 each), including
a control group treated with 0.5% w/v HPMC and three experimental
groups treated with 2.5, 5, and 10 mg/kg TiO, NPs. For dose
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selection, we consulted a report of the World Health Organization
from 1969. According to the report, the LD, of TiO, for rats is >12 g/
kg body weight after oral administration. In addition, the quantity of
TiO, NPs does not exceed 1% by weight of the food according to U.S.
federal regulations. In the present study, we selected 2.5, S, and 10
mg/kg TiO, NPs, which were given to mice by intragastric
administration every day. They were equal to about 0.15—0.7 g of
TiO, NPs for humans with 60—70 kg body weight with such exposure,
which are relatively safe doses. The mice were weighed, the volume of
TiO, NP suspensions was calculated for each mouse, and the fresh
TiO, NP suspensions were administered to the mice by intragastric
administration every day for 6 months. Any symptoms, growth state,
eating, drinking, and activity or mortality, were observed and recorded
carefully daily during the 6 months.

Kidney Indices. After 6 months, mice were weighed and then
sacrificed after ether anesthesia. Blood samples were collected from the
eye vein by rapidly removing the eyeball, and serum was collected by
centrifuging the blood samples at 1200g for 10 min. The kidneys of all
animals were quickly removed and placed on ice. After weighing the
body and kidneys, the kidney indices were calculated as the ratio of
kidney (wet weight, mg) to body weight (g).

Titanium Content Analysis. The frozen renal tissues (n = S each)
were thawed and approximately 0.3 g samples were weighed, digested,
and analyzed for titanium content. Prior to elemental analysis, the
renal tissues were digested overnight with nitric acid (ultrapure grade),
combined with 0.5 mL of H,0,, and incubated at 160 °C in high-
pressure reaction containers in an oven until the samples were
completely digested. The solutions were incubated at 120 °C to
remove any remaining nitric acid until the solutions were clear. Finally,
the remaining solutions were diluted to 3 mL with 2% nitric acid.
Inductively coupled plasma—mass spectrometry (ICP-MS; Thermo
Elemental X7; Thermo Electron Co., Waltham, MA, USA) was used to
determine the titanium concentration in the samples. Indium (20 ng/
mL) was chosen as an internal standard element. Elemental titanium
(isotopes **Ti or **Ti) was quantified using ICP-MS against titanium
standards, which also contained the internal standard.

Biochemical Analysis of Kidney Functions. Kidney functions
(n = 10 each) were determined by uric acid (UA), blood urea nitrogen
(BUN), creatinine (CR), and urinary protein excretion. All
biochemical assays were performed using a clinical automatic
chemistry analyzer (type 7170A, Hitachi, Japan).

Histopathological Examination of Kidney. All histopatholog-
ical examinations were performed using standard laboratory
procedures. Five sets of kidney tissues from mice were embedded in
paraffin blocks, sliced to S ym thickness, and placed on separate glass
slides (five slices from each kidney). After hematoxylin—eosin staining,
the sections were evaluated by a histopathologist unaware of the
treatments, using an optical microscope (U-III Multipoint Sensor
System; Nikon, Tokyo, Japan).

Oxidative Stress Assay. Superoxide ion (O,"”) in the kidney
tissues (n = S each) 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 O,°, as
described by Oliveira et al.*” Correction was made for the background
absorbance in the presence of SO U of superoxide dismutase (SOD).
The production rate of O,*” was calculated using an extinction
coefficient of 2.16 X 10* M~ cm™.

The detection of H,0, in the kidney tissues (n = S each) was
carried out by the xylenol orange assay.®® After preincubation with
pregnanediol/mercurials and/or quercetin/catalase (30 min at 25 °C),
the reaction medium was centrifuged at 17500g for 10 min at 4 °C,
and the supernatant was incubated for 30 min in a reaction medium
containing 250 mM perchloric acid, 2.5 mM ammonium iron(II)
sulfate hexahydrate, and 1 mM xylenol orange. H,0, levels were
determined at 560 nm using an H,0, curve as standard.

Lipid peroxidation of kidneys (n = S each) was determined as the
concentration of malondialdehyde (MDA) generated by the
thiobarbituric acid (TBA) reaction as described by Buege and
Aust.®” Protein oxidation of kidneys was investigated according to
the method of Fagan et al. by determining the protein carbonyl (PC)

dx.doi.org/10.1021/jf402387e | J. Agric. Food Chem. 2013, 61, 8959—8968



Journal of Agricultural and Food Chemistry

Table 1. Real-Time PCR Primer Pairs: PCR Primers Used in the Gene Expression Analysis

gene name description primer sequence primer size (bp)
Refer-actin mactin-F 5-GAGACCTTCAACACCCCAGC-3’

mactin-R S-ATGTCACGCACGATTTCCC-3’ 263
NF-«kB mnf-kb-F 5-GGTGGAGGCATGTTCGGTA-3’

mnf-kb-R 5-TGACCCCTGCGTTGGATT-3’ 142
IxB mikb-F §-GGTGCAGGAGTGTTGGTGG-3’

mikb-R 5-TGGCTGGTGTCTGGGGTAC-3’ 173
COX-2 mcox-2-F 5'-CTGAGTGGGGTGATGAGCAA-3’

mcox-2-R 5-AGGCAATGCGGTTCTGATACT-3’ 174
NOX4 mnox4-F 5'-CCGGCGTGATTACCAAGGTTGTCAT-3’

mnox4-R 5-ATGACAACCTTGGTAATCACGTTTTTG-3’ 259
Nrf2 mNrf2-F $'-CTTCCATTTACGGAGACCCACC-3’

mNrf2-R §'-GGATTCACGCATAGGAGCACTG-3’ 176
Keapl mkeap-1-F 5-GATCGGCTGCACTGA ACTG-3'

mkeap-1-R 5’-GGACTCGCAGCGTACGTT-3’ 106
HO-1 mHO-1-F 5'-GACAGAAGAGGCTAAGACCGC-3’

mHO-1-R 5-TGGAGGAGCGGTGTCTGG-3’ 213
GCLC mGCLC -F 5-ATGTGGACACCCGATGCAGTATT-3’

mGCLC -R 5'- GTCTTGCTTGTAGTCAGGATGGTTT-3' 200
GST mGST -F §-CCGCTCTTTGGGGCTTTAT-3’

mGST -R §$-GGTTCTGGGACAGCAGGGT-3’ 191

content.”® Kidney DNA damage was determined as the concentration
of 8-hydroxydeoxyguanosine (8-OHdG) using an ELISA kit (Japan
Institute for the Control of Aging, Haruoka, Japan).

Assay of Glutathione. To determine reduced glutathione (GSH)
and oxidized glutathione (GSSG) levels, the kidneys (1 = S each) were
homogenized as described above. GSH and GSSG contents were
estimated using the method of Hissin and Hilf.”" The reaction mixture
contained 100 mL of supernatant, 100 mL of O-phthaldehyde (1 mg/
mL), and 1.8 mL of phosphate buffer (0.1 M sodium phosphate, 0.005
M EDTA, pH 8). Fluorometry was performed using an F-4500
fluorometer (Hitachi, Japan) with excitation at 350 nm and emission at
420 nm.

Assay of Cytokine Expression. The levels of mRNA expression
of NF-«B, IkB, Nrf2, Keapl, COX-2, NOX4, HO-1, GCLC, and GST in
the kidneys (n = S each) were determined using real-time quantitative
(q)RT-PCR, as described previously.”> ”* Synthesized cDNA was
generated by qRT-PCR with primers designed with Primer Express
Software (Applied Biosystems, Foster City, CA, USA) according to the
manufacturer’s guidelines, and the sequences are listed in Table 1. To
determine NF-kB, IkB, Nrf2, Keapl, cyclo-oxygenase (COX)-2,
NOX4, HO-1, GCLC, and GST levels in mouse kidney tissues,
ELISA was performed using commercial kits that were selective for
each respective protein (R&D Systems, Minneapolis, MN, 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-xB, IxB,
Nrf2, Keapl, COX-2, NOX4, HO-1, GCLC, and GST were calculated
from a standard curve for each sample.

Statistical Analysis. All results are expressed as means + SEM.
Significant differences were examined by unpaired Student’s test using
SPSS version 19 software (Chicago, IL, USA). P < 0.05 was considered
statistically significant.
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B RESULTS

Body Weight, Kidney Indices, and Titanium Accumu-
lation. Figure 1 shows the net increase in body weight and
kidney indices caused by TiO, NP exposure. TiO, NP exposure
resulted in significant reductions in body weight and increases
in kidney indices as compared with the controls (P < 0.05).
Furthermore, there was significant titanium accumulation with
increased TiO, NP dose (Figure 2, P < 0.01). The increased
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Figure 1. Body weight and kidney indices of male mice after
intragastric administration of TiO, NPs for 6 consecutive months. * P
< 0.05, #* P < 0.01, and #*#* P < 0.001. Values represent means +
SEM (n = 40).
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Figure 2. Titanium accumulation in mouse kidneys after intragastric
administration of TiO, NPs for 6 consecutive months. s P < 0.001.
Values represent means = SEM (n = §).

kidney indices caused by TiO, NP exposure may be related to
kidney dysfunction and tissue injury, which were confirmed by
the biochemical assays and histopathological observations of
mouse kidneys.

Oxidative Stress Analysis. The effects of TiO, NPs on the
production of O,°” and H,0, in mouse kidney tissues are
shown in Figure 3. With increased TiO, NP dose, the rate of
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Figure 3. ROS accumulation in mouse kidneys after intragastric
administration of TiO, NPs for 6 consecutive months. * P < 0.05, %
P < 0.01, s P < 0.001. Values represent means + SEM (n = ).

ROS generation in the mice exposed to TiO, NPs was
significantly elevated (P < 0.05), suggesting that chronic
exposure to TiO, NPs accelerated ROS production in the
kidney tissues. To confirm the effects of TiO, NPs on ROS
generation in mouse kidney, the levels of MDA, PC, and 8-
OHAG were examined. As shown in Figure 4, levels of MDA,
PC, and 8-OHdG in the kidney tissues from the TiO, NP-
exposed groups were markedly elevated (P < 0.05), suggesting
that TiO, NP-induced ROS accumulation led to lipid, protein,
and DNA peroxidation in the kidneys.

Histopathological Evaluation. The histological changes
in the kidney specimens are shown in Figure S. Unexposed
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Figure 4. Peroxide levels of lipid, protein, and DNA in mouse kidneys
after intragastric administration of TiO, NPs for 6 consecutive months.
* P < 0.0S, % P <0.01, and *#3% P < 0.001. Values represent means +
SEM (n = 5).

Figure S. Histopathological observation of kidneys after intragastric
administration of TiO, NPs for 6 consecutive months (n = 5): (a)
control group (unexposed mice) showed intact glomeruli; (b) 2.5 mg/
kg TiO, NPs group presented with slight inflammatory cell infiltration
(blue cycle), fatty degeneration (yellow arrows), and degeneration of
superficial adipocytes (black arrows); (c) S mg/kg TiO, NPs group
presented with inflammatory cell infiltration (blue cycle), fatty
degeneration (yellow arrows), and apoptosis of renal tubules (green
arrows); (d) 10 mg/kg TiO, NPs group presented with severe fatty
degeneration (yellow arrows) and apoptosis of renal tubules (green
arrows).

kidney samples exhibited normal architecture (Figure Sa),
whereas those from five mice of each group exposed to
increasing TiO, NP concentrations exhibited severe patho-
logical changes, including infiltration of inflammatory cells, fatty
degeneration, and apoptosis (Figure Sb—d). The results
suggested that chronic exposure to TiO, NPs resulted in
significant pathological changes in the kidneys, which were
related to oxidative stress.
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Kidney Function. The changes in the serum biochemical
parameters induced by TiO, NP exposure are presented in
Figure 6. With increased TiO, NP dose, CR and protein/CR
ratio increased, whereas the UA and BUN were decreased
gradually (P < 0.0S or 0.01), respectively.
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Figure 6. Alterations in serum biochemical parameters of mice after
intragastric administration of TiO, NPs for 6 consecutive months. * P
< 0.05, #* P < 0.01, and #*% P < 0.001. Values represent means =+
SEM (n = 10).

Nrf2/Keap1 Pathway. Mice with TiO, NP-induced
nephropathy presented with a significant, dose-dependent
reduction in nuclear Nrf2 expression and a dose-dependent
marked increase in Keapl expression in kidney tissue (Figure
7) (P < 0.05). These were associated with marked down-
regulation of the measured Nrf2 target gene products, including
GST, HO-1, and GCLC in mouse kidney under conditions of
TiO, NP-induced nephropathy (P < 0.05). These findings
point to the impaired activation of the Nrf2 pathway in mice
following exposure to TiO, NPs.

Total GSH Level. To explore further the effects of TiO,
NPs on GCLC and GST expression, the total GSH content
(GSH + GSSG) in the kidneys was determined (Figure 8). As
the dose of TiO, NPs increased, there was a significant
reduction in total GSH level in the kidneys (P < 0.05). These
results suggested that decreased GSH level caused by TiO, NPs
exposure was associated with decreased GCLC and GST
expression.

Oxidative and Inflammatory Pathways. Figure 9 shows
the effects of TiO, NPs on NF-xB, IkB, NADPH oxidase
(NOX), and COX-2 expressions in mouse kidney. With
increased TiO, NP doses, there was a significant increase in
NF-xB, and a marked reduction in IkB expression in the kidney
tissue (P < 0.05). These were accompanied by marked increases
in NOX4 and COX-2 expression in mouse kidneys following
exposure to TiO, NPs.

B DISCUSSION

The results of the present study indicate that intragastric
administration of 2.5, S, and 10 mg/kg of TiO, NPs for 6
consecutive months induced body weight reduction and
increased kidney indices and titanium accumulation. This led
to severe oxidative stress, marked by significant production of
O, and H,0,, and peroxidation of lipids, proteins, and DNA,
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Figure 7. Alterations of Nrf2, Keap-1, HO-1, GCLC, and GST
expression in mouse kidneys after intragastric administration of TiO,
NPs for 6 consecutive months. * P < 0.05, s P < 0.01, and % P <
0.001. Values represent means &+ SEM (n = S).

coupled with inflammatory response, fatty degeneration, and
apoptosis in the renal tubules. Eating, drinking, and activity of
mice following exposure to TiO, NPs were lower than in the
untreated controls. Decreased body weight of mice caused by
TiO, NPs might have been due to loss of appetite and
decreased appetite to ROS accumulation and decreased
antioxidant activities following exposure to TiO, NPs. Recent
studies have confirmed a pivotal role of ROS in food intake and
energy homeostasis regulation in the hypothalamus. For
example, in response to an acute overload of nutrients,
elevation of ROS concentration was sufficient to reduce food
intake.”” It has also been suggested that the central and
peripheral administration of glucose can reduce food intake due
to enhanced ROS levels in the hypothalamus.”*”” Our findings
suggested that with increased TiO, NP doses, body weight of
mice was significantly decreased, whereas ROS production was
greatly elevated in the kidneys. Scown et al. have suggested that
TiO, NPs accumulate in the kidneys, but have minimal effects
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Figure 9. Alterations of NF-xB, IxB, NOX, and COX-2 expression in
mouse kidneys after intragastric administration of TiO, NPs for 6
consecutive months. * P < 0.05, %% P < 0.01, and **x P < 0.001.
Values represent means + SEM (n = §).
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on renal function in rainbow trout.** In contrast, Wang et al.
found that TiO, NP exposure resulted in higher BUN and
serum CR levels and the renal tubules were filled with proteinic
liquids in mice, but they did not observe obvious differences in
the kidney indices of the female mice.”” Chen et al. also
observed glomerular dilatation and proteinic liquids in the renal
tubules, but no kidney dysfunction was observed in mice
exposed to TiO, NPs.** Our previous studies have indicated
that TiO, NP exposure causes renal dysfunction and increases
in kidney indices.****” Recently, Sardari et al. observed
glomerular cell necrosis and protein sediment in the Bowman
capsules and proximal tubules in rats exposed to silver NPs.”®
Our data also suggest that chronic exposure to TiO, NPs
resulted in significant increases in CR and proteinuria and
reductions in UA and BUN. Serum BUN is excreted through
the glomeruli. A range of changes in the urinary excretion of
taurine and CR may be induced by nephrotoxins. When the
kidneys are injured, CR and protein increase and serum UA and
BUN decrease. Our previous studies have demonstrated that
exposure to TiO, NPs leads to adverse responses such as
oxidative damage and inflammation in mouse kidneys, but the
molecular targets of oxidative damage caused by TiO, NPs
remain unclear.**”* Inflammation and apoptosis in renal
tubules following exposure to TiO, NPs are due to excess ROS
production and modulation of the Nrf2 pathway.

As shown in the present study, TiO, NP-induced
accumulation of ROS such as O,"” and H,0, in mouse
kidneys resulted in oxidative damage of biological macro-
molecules, including lipid, protein, and DNA peroxidation. This
oxidative damage happened before TiO, NP-induced renal
inflammation or apoptosis became evident. ROS act as second
messengers in intracellular signaling cascades;”® therefore,
excess ROS production may play a crucial role in the
modulation of gene expression, thus leading to inflammation
or apoptosis under conditions of TiO, NP exposure. Intense
up-regulation of oxidative and inflammatory pathways in mouse
kidneys with TiO, NP-induced nephrotoxicity was com-
pounded by severe impairment of Nrf2 expression, as
demonstrated by marked reduction in nuclear content and
elevation of its suppressor molecule, Keapl. As expected,
impaired N1f2 expression in the kidneys of mice with TiO, NP-
induced chronic renal injury was associated with down-
regulation of its measured target gene products including
GST, HO-1, and GCLC. These enzymes protect against
oxidative stress-induced cytotoxicity and tissue injury, either
directly by neutralizing ROS or indirectly by catalyzing
production of antioxidant and detoxifying substrates. For
instance, GST catalyzes the detoxification of lipid peroxides
and xenobiotics by conjugating them with GSH.®®> HO-1 is a
relatively novel enzyme with potent anti-inflammatory and
cytoprotective antioxidant effects.**~>"**"%* GCL is recognized
as the rate-limiting enzyme in GSH biosynthesis and is a
heterodimeric enzyme composed of a 72.8 kDa GCLC and 30.8
kDa regulatory modifier (GCLM) subunit, which are distinct
gene products encoded by genes on different chromosomes.
GCLC possesses catalytic activity, whereas GCLM imparts
catalytic characteristics to the holoenzyme that are more
compatible with the cellular concentrations of reactants and
feedback control by GSH.*® Our data suggest that HO-1 and
GCLC expression is dramatically decreased in kidneys with
increased TiO, NP doses, which leads to a significant reduction
in GSH level. The reductions in GST, HO-1, and GCLC
expression due to exposure to TiO, NPs may be mediated
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through the Nrf2 signal transduction pathway. It has been
reported that the cyclopentenone prostaglandin compound and
tert-butylhydroquinone induce HO-1 and GCLC expression
through the Nrf2 pathway in animals.***~*® Inhibition of HO-
1 and GCLC expression can be interpreted as a cellular defense
reaction against oxidative stress. These findings show that
reductions of GST, GCLC, and HO-1 expression and
antioxidant capacity may be via the Nrf2/ARE signaling
pathway in TiO, NP-induced oxidative stress and inflammation
in the kidneys. Furthermore, the present findings also showed
that decreased expression of Nrf2, GST, GCLC, and HO-1 was
correlated with increased kidney indices, ROS production, and
levels of MDA, PC 8-OHdG, and CR and decreased levels of
UA and BUN. Thus, the observed impairment of the Nrf2
expression and consequent down-regulation of its antioxidant
and detoxifying target gene products play a major role in the
pathogenesis and progression of kidney disease in mice.

Besides increasing the vulnerability of the diseased kidney to
the adverse effects of oxidative stress, inhibition of Nrf2
expression contributes to the development and amplification of
intrarenal inflammation by promoting accumulation of hydro-
peroxides and lipoperoxides, which are potent activators of NF-
kB. To investigate further oxidative and inflammatory pathways
by chronic exposure to TiO, NPs, NF-kB, IxB, NOX4, and
COX-2 expression was examined. In the current study,
oxidative stress and inflammation in mouse kidneys following
exposure to TiO, NPs were associated with significantly
increased expression of NF-«kB, as shown by decreased
expression of its repressor molecule IkB, as well as up-
regulation of COX-2 and NOX in renal tissue. It has been
reported that changes in cytokine levels and ROS generated by
TiO, NPs can contribute to NF-xB activation,*>?%%9%°
Transcription factors control the expression of various target
proteins such as COX-2 and HO-1 in mice following exposure
to TiO, NPs.">'%*® COX-2 is a classic proinflammatory gene
induced by NF-«B, is highly expressed in inflamed tissues, and
is known to occupy an imIS)ortant position in the regulation of
pulmonary inflammation.””'~** The major ROS-generating
enzyme is NOX, a membrane-bound multicomponent enzyme
complex that is present in phagocytes as well as nonphagocytic
cells.”! ROS produced by NOX have two major roles. First,
superoxide is required for the respiratory burst that occurs in
phagocytes, leading to microbial killing. The second role is
associated with regulation of cell signaling.”* ROS derived from
NOX can specifically and reversibly react with proteins, altering
their activity, localization, and half-life.”> Several studies have
also demonstrated the anti-inflammatory function of Nrf2 in
mice under TiO, NP-induced toxicity.'>*® The precise
mechanism responsible for the decreased renal tissue Nrf2
expression in mouse kidneys caused by TiO, NP exposure is
presently unclear. It should be noted that impaired Nrf2 activity
has been demonstrated in several chronic inflammatory
disorders such as chronic granulomatous disease and asthma.”®
This is due to the interference of NF-kB with the dissociation
of Nrf2 from Keapl and binding of N1f2 to the AREs of the
target genes.”””® Thus, the decrease in the physiological
expression of Nrf2 despite the prevailing oxidative stress in the
injured kidneys appears to be at least, in part, due to the
accompanying renal inflammation.

In conclusion, nephrotoxicity is closely associated with
decreased N1f2 expression that contributes to the pathogenesis
of oxidative stress and inflammation and amplifies their
damaging effects on the kidneys caused by TiO, NP exposure.
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Therefore, the application of TiO, NPs should be carried out
cautiously, especially in humans.
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