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Abstract Titanium dioxide nanoparticles are wide-
ly used in industry to produce a number of products
(cosmetics, paints, foods). TiO2 nanoparticles form
aggregates and their toxicity varies in function of their
size. In this study, aggregate sizes were determined us-
ing dynamic light scattering (DLS). The stability of the
suspension was evaluated by turbidimetry and the size
by transmission electronic microscopy (TEM).

In the present study the toxicity of TiO> nanoparticles
was evaluated in vitro on rat kidney proximal tubular
cells (NRK-52E). Cells were exposed to TiO» nanopar-
ticles (20 pg/mL) for 24, 48, 72 and 96 hours. TiO>
nanoparticles induce the production of reactive oxy-
gen species (ROS). The relative number of mitosis de-
creased, while an increase of apoptotic cells was not-
ed. The number of S-phase cells evidenced by BrdU
immunoreactivity in cultures was significantly reduced
by the exposure to the nanoparticles. These results
attest to the toxic effect of the TiO> nanoparticles on
NRK-52E cells.
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Introduction

Metal oxide nanoparticles represent an industrially
important class of nanomaterials. No scientifically ac-
cepted definition exists but in general a nanoparticle
is defined as an object with at least one of their three
dimensions in the range of 1-100 nm'. Currently tita-
nium dioxide (TiO2) nanoparticles (NPs) are produced
abundantly and are widely used because of their high
stability, catalytic properties and low cost. TiO> NPs
are a white, odourless powder and can occur in three
different crystallographic structures: rutile, brookite
and anatase, the latter being used in this study. Some
studies have reported that anatase, the most commer-
cially used form, showed higher activity than the rutile
form. These particles are frequently used as a white
pigment for paints, paper, toothpaste and plastics. They
are also widely incorporated in sunscreens due to their
capacity to reflect ultraviolet sunrays, and are used in
pharmaceutical excipients. TiO2 has also been used to
manufacture articulating prosthesis (hip and knee im-
plants)”. Despite the wide range of applications, there
is a lack of information on the impact of NPs on hu-
man health. On average, humans are exposed to 1 mg/
kg body weight per day. The anarchic use of TiO2 NPs
could become a public health problem. Particle dimen-
sion is fundamental to their toxicity and some in vivo
studies have demonstrated that nanoparticles are able
to induce a higher toxicity than microparticles®. How-
ever, it is relevant to note that TiO> NPs have a strong
tendency to form aggregates. This last point seems
to be critical for modulating their potential toxicity.
While the formation of aggregates may reduce the
effective surface area, NP aggregates show a greater
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surface area than microparticles, even in the agglomer-
ated state*. In addition to influencing toxicity, the size
of NPs also has an impact on their distribution in the
organs. It is confirmed that the smallest particles show
the most widespread organ distribution including in
the blood, heart, lungs, liver, spleen, kidneys, thymus,
brain and reproductive organs’. TiO, NPs can enter the
human body through inhalation (respiratory tract), in-
gestion (gastrointestinal tract), dermal penetration (skin)
and injection (blood circulation). In nanomedicine, in-
travenous and subcutaneous injections can occur.

Some studies have shown that TiO, NP exposure
is able to cause damage to various organs such as the
lungs, liver, kidneys, spleen and brain®. It is reported
that TiO2 NPs can induce a large panel of toxic effects,
including inflammation, cytotoxicity and genomic in-
stability in mammals, plants and even in microorgan-
isms’. Regarding kidney toxicity, data from the liter-
ature are controversial. It was showed that even high
doses of intravenously injected TiO, NPs have a very
low impact on renal function, despite strong accumula-
tion in renal tissue®. By contrast, another study demon-
strated severe renal dysfunction in treated mice, evi-
denced by a significant elevation of high serum blood
urea nitrogen and creatinine levels’. TiO, NPs are able
to induce nephric inflammation through the production
of reactive oxygen species (ROS) such as superoxide
anions, singlet oxygen and hydrogen peroxide'’.

After their incorporation into eukaryotic cells, TiO;
NPs have a great ability to produce ROS, such as hy-
drogen peroxide and hydroxyl radicals. In response
to this oxidative stress, affected cells produce a large
panel of antioxidants, including reduced glutathiones
(GSH) and various enzymes, such as superoxide dis-
mutase (SOD), catalase (CAT), glutathione peroxidase
(GPx) and reductase (GSR). ROS production leads
both to cytotoxicity and genotoxicity. These antioxi-
dant molecules scavenge the unwanted oxidants but,
if oxidative stress persists, it can create alterations in
signal transduction and gene expression (mitogenesis,
mutagenesis, and apoptosis). GSH is able to neutralise
ROS by giving a reducing equivalent and becoming
GSSG (oxidised). GSH can be regenerated from GSSG
by the enzyme GSR. After TiO> NP exposition, the
SOD activity of plasma and the GPx activity of the
kidneys were significantly decreased and the malond-
ialdehyde (MDA) levels of the liver and kidneys were
significantly increased''. MDA plays an important role
in oxidative stress through its interaction with deoxya-
denosine and deoxyguanosine, and leads to DNA dam-
age.

In the present study, the aim was to determine the
toxicity of TiO> NPs on the NRKS52E cell line, derived
from rat renal proximal tubules. This cell model was

selected to reproduce in vitro the accumulation of TiO»
NPs in renal tissue. Moreover, the proximal tubule
epithelium is one of the primary targets of nephrotox-
ic injury in vivo'?. Particle size, size distribution and
dispersion were defined. Aggregate sizes were deter-
mined using dynamic light scattering (DLS). The sta-
bility of suspension was evaluated by turbidimetry and
finally, transmission electronic microscopy (TEM) was
performed to determine and confirm the aggregate and
dissociated nanoparticle sizes. NRK52E cells were ex-
posed to particles with different average diameters. To
assess TiO> nanoparticle toxicity, apoptotic and mitot-
ic indexes were performed and cell proliferation was
measured by incubating cells with 5-bromo-2'-deoxyu-
ridine (BrdU). A study of oxidative stress was conduct-
ed using immunofluorescence detection of the nuclear
migration of NFxB and detection of 4-HNE.

Results

Characterisation of NPs

Dynamic light scattering (DLS) was used in order to
determine the size distribution profile of TiO; parti-
cles in suspension after application of four different
methods of dispersion (bath sonicator 1 run of 90 min-
utes or 3 runs of 30 minutes, probe sonicator 1 run of
90 minutes or 3 runs of 30 minutes). The size of TiO»
nanoparticles was also characterised and quantified by
electron microscopy after the same methods of disper-
sion (Supplementary figure data 2). After bath sonica-
tion an inefficient separation of particles of TiO> was
obtained that formed large aggregates, including some
of between 50 and 250 nm (Supplementary figure data
2). As illustrated in supplementary figure data 1, 3
times 30 minutes runs of probe sonication produced
smaller aggregates. The size of NP aggregates deter-
mined by DLS was 52+ 15 nm. In this last case, the
mean size of the nanoparticle aggregates, as evaluat-
ed by morphometric analysis of electron microscopic
fields, was 34+ 9 nm (n=163) (Supplementary figure
data 2). Moreover, measures of turbidimetry indicated
that the suspension of nanoparticles obtained by probe
sonication (3 runs of 30 minutes) showed the lowest
turbidity values and remained stable for more than 24
hours (Supplementary figure data 1).

Morphologic alterations, mitotic and apoptotic
indexes

Tubular renal cells NRK52E were exposed to TiO»
nanoparticles for 24, 48, 72 and 96 hours. Already after
24 hours of exposure to NPs, the presence of macro-
scopic aggregates was observed dispersed in the cyto-
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Figure 1. Morphology of NRKS52E cells placed in a standard culture medium for 48 hours (control) (A) or exposed to TiO2 nanopar-
ticles for 24 h (B), 48 h (C), 72 h (D) and 96 h (E, F). These pictures show several mitotic figures (white arrows) that are more fre-
quent in control cells. Apoptotic cells showing picnotic nuclei (black arrows) are present in cultures exposed to nanoparticles and
their incidence increased after 72h and 96 h (D, E). TiO» nanoparticles are internalised into phagolysosomes and appeared as spheri-
cal refringent inclusions (white arrowheads). The number of TiO: inclusions culminated after 48 h (C). After 96 h, the number of ag-
gregates decreased but the size of each intracytoplasmic inclusion increased to reach, in some cases, a diameter of more than 7 pm (F).

Scale bars =15 um.

plasm of cultured cells (Figure 1). The absence of NPs
in the nuclear compartment was also noted. This distri-
bution suggests a sequestration of TiO, particles inside
the endolysosomal compartment. The number (Figure

2A) and area (Figure 2B) of cytoplasmic aggregates
was evaluated by morphometric analysis. A progres-
sive decrease of the number of cytoplasmic aggregates
was observed over time accompanied by a concomi-
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Figure 2. A: Evolution of the number of cytoplasmic TiO2
aggregates per cell. The number of cytoplasmic aggregates
increased to reach a peak at 48 h. After 96 h, a significant de-
crease of the density of TiO; intracytoplasmic inclusions was
observed. Letters ((a) versus (b)) indicate significant differ-
ences between each experimental time of exposure to TiO:
(P<0.05, Mann-Withney test). B: Morphometric analysis of
the area occupied by cytoplasmic TiO: inclusions per cell. The
cytoplasmic surface of TiO> inclusions increased progressively
to reach a peak after 96 h. This phenomenon results in a dras-
tic increase of the mean size of TiO: inclusions. Letters ((a)
versus (b) versus (c)) indicate significant differences (P <0.05,
Mann-Withney test).

tant increase of the aggregate size.

This intracytoplasmic accumulation of TiO; has an
impact on cell proliferation and viability. On the one
hand, as illustrated in Figure 3A, the average num-
ber of mitotic cells is lower in cultures exposed to the
TiO2 compared to controls. However, the decline of
the mitotic index is only significant after 48 h of cul-
ture which is the moment when the cells are undergo-

Apoptotic cells (%)

Ctrl 24h 48h 72h 96h

Duration of exposure to TiO,

Figure 3. A: Mitotic index after TiO2 exposure. Values repre-
sent the mean percentage of cells in mitosis + SEM of at least
four independent experiments. The percentage of mitotic cells
decreased over time with a significant difference between
the control and treated cultures at 48 h (*significant values
P <0.05 versus control cells, Student’s t-test). B: Apoptotic in-
dex after TiO» exposure. Values represent the mean percentage
of apoptotic cells+SEM of at least four independent experi-
ments. Apoptotic nuclei increased over time with a significant
difference between the control and treated cultures at 72 h and
96 h (*significant values P <0.05 versus control cells, Stu-
dent’s t-test). Control value is normalized at 100%.

ing exponential growth phase. On the other hand, the
percentage of apoptotic cells was higher in cultures
exposed to NPs compared to the control (Figure 3B).
Cell death induced by nanoparticle accumulation was
not significant during the first 48 hours after exposure
to TiO; but increased strongly after 72 and 96 hours
(Figure 3B).

Cell proliferation evaluated by BrdU incorporation

Proliferating cells were observed in control and treated
cultures and are illustrated in Figure 4A and 4B. The
immunocytochemical detection of the BrdU incor-
porated into the DNA allowed the identification of S
phase nuclei which had been stained brown. The label-
ling index, evaluated by morphometry, decreased sig-
nificantly after 24, 48 hours of exposure to TiO: (Fig-
ure 4C). In confluent cultures examined at 72 and 96
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Figure 4. S-phase cells in control culture (A) and after 48 h of exposure to TiO2 (B). Nuclei of S-phase cells (stained brown) were
evidenced by immunocytochemical detection of BrdU (arrows). In the treated culture (B) nanoparticle inclusions appeared as dark
spots distributed around nuclei. Scale bars =25 um. C: Morphometric analysis of BrdU positive cells. Values represent mean per-
centage of BrdU positive cells £ SEM of at least four independent experiments. Cell proliferation decreased significantly at 24, 48
and 72 h, compared to control values (*significant values P <0.05 versus control cells, Student’s t-test). Control value is normalized

at 100%.

hours, no difference of labelling indices was observed
between the control and treated cells (Figure 4C).

Detection of oxidative stress

Immunofluorescence labelling of NFkB was used to
highlight the production of reactive oxygen species
(ROS) and the presence of oxidative stress. The ox-
idative stress induced a translocation of NFxB from
the cytoplasm to the nucleus. The nucleo-cytoplasmic
ratio of immunofluorescent signals was analysed and
reflected oxidative stress. As illustrated in Figure 5 (A,
B), the nuclei of NRKS52E cells exposed to TiO, were
distinctly brighter than the nuclei of control cells. This
difference in pattern suggests a nuclear migration of
NF«B induced by oxidative stress. The nucleocyto-
plasmic ratio (N/C) of fluorescence intensity was sig-
nificantly higher in treated cells at all times of expo-

sure to TiO, NPs (Figure 5C).

4-Hydroxynonenal (4-HNE) is an o,f-unsaturat-
ed hydroxyalkenal that is produced in large amount
by lipid peroxidation in cells exposed to an oxidative
stress. 4-HNE was evidenced by immunofluorescence
in control and treated cells Figure 6 (A, B). TiO-ex-
posed cultures (Figure 6B) present a level of immu-
nofluorescence superior to control cells (Figure 6A).
These observations were quantified by morphometric
analysis of 4-HNE immunostaining intensities and pre-
sented under histogram (Figure 6C).

Discussion

TiO2 NPs have been considered as inert for a long time
and have been used as a “negative control” in many in
vitro and in vivo studies. This was reviewed when an-
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Figure 5. Immunofluorescent labelling of NF«B in control (A) and after 48 h of exposure to TiO; (B). Oxidative stress induced a
translocation of NFkB immunostaining from the cytoplasm to the nuclear compartment as evidenced in treated cells. Scale bars: 25
um. C: Quantitative analysis of the nucleo-cytoplasmic ratio of fluorescent signal. Values represent the mean ratio of fluorescence
intensity recorded in the nucleus and cytoplasm respectively (N/C)+ SEM of at least four independent experiments. A significant
difference was observed in all cultures exposed to TiO», compared to control values (*significant values P <0.05 versus control

cells, Student’s t-test). Control value is normalized at 100%.

imals exposed to TiO» NPs developed lung tumours'*.
Following this study, TiO2 NPs were classified as a
Group 2B carcinogen.

Anatase and rutile are the two major crystal forms
for TiO2 NPs. The crystalline structure and the surface
properties are directly responsible for the differences
within their relative toxicity. As demonstrated in many
in vitro and in vivo studies, these two crystal forms are
toxic, but the toxicity of anatase is stronger'>'®. In the
present study, it has been shown that TiO, NPs (anatase)
induced the production of ROS in NRK-52E cells (tu-
bular renal cells) that impacted the cell proliferation
rate and could lead to apoptosis. We used an exposition
dose of 20 pg/mL. This is an average dose that leads to
cell injuries in others studies'’.

Nanoparticles of TiO can get into the blood stream
in different ways, such as inhalation and passage across
the alveolar cell wall, by ingestion and absorption
through gastrointestinal mucosa, or by direct passage

through the skin epithelium. The kidneys are an im-
portant filtration site and are able to accumulate TiO>
NPs in different sections of the nephron by absorption
or secretion processes'®. Despite the fact that the kid-
neys are one of the major target organs for toxicity
induced by TiO2 NPs, very few works have been ded-
icated to studying their toxicity on various renal cell
lines until now. In a recent study, it is showed that the
HK-2 cell line derived from kidney proximal tubules
is significantly more sensitive than another cell line,
IP15, derived from glomerular mesangial cells'®. They
attributed this difference of sensitivity to the highest
endocytic capacity of tubular cells. In the present study,
another cell line was chosen (NRK-52E) which is also
derived from proximal tubules and is commonly used
to study pharmacological agents causing renal tubular
necrosis™ .

The behaviour and activity of NPs is dependent on
physical and chemical properties, such as surface area,
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Figure 6. Detection by immunofluorescence of 4-hydroxynonenal (4-HNE) in control (A) and after 96 h of exposure to TiO: (B).
Oxidative stress induced an increase of fluorescence intensity in TiO» treated culture (B) as compared to control (A). Scale bars: 100
um. C: Quantitative morphometric analysis of fluorescent signal intensities in function of the TiO, exposure time. Values represent
the mean ratio of fluorescence intensity recorded in cell cultures = SEM of at least four independent experiments representing at
least 10.000 cells/ experimental group. A significant difference was observed in cultures exposed 48, 72, 96 h to TiO»2, compared to
control values (*significant values P <0.05 versus control cells, Student’s t-test). Control value is normalized at 100%.

aggregation, size distribution. Consequently, a good
characterisation of NPs is a crucial step to studying
their toxicity and for the understanding and interpreta-
tion of results. The major problem encountered in the
use of TiO; nanoparticles was with obtaining a good
dispersion of particles and avoiding the formation
of aggregates. The creation of aggregates in solution
can be explained by a low anionic charge of the par-
ticle surface. Repulsive forces are too low to stabilise
suspensions therefore NPs have a strong tendency to
form micrometric aggregates. The modification of
the size affects the physicochemical characteristics of
nanoparticles such as the percentage of surface atoms
in contact with the substrate. Consequently, large mi-
crometric aggregates are less reactive than isolated
nanometric particles®** . Moreover, particle size is also
important for distribution in different organs®. This is
particularly true for the route of entry by pulmonary
inhalation®’. Smaller particles will penetrate deeper
into the respiratory tract: particles of 1-5 nm are mostly

distributed in alveolar regions; particles of 20 nm are
distributed in the nasopharyngeal region®®. Small par-
ticles can easily penetrate the cells and induce stronger
alterations. A study in vivo showed that TiO2 NPs of 20
nm diameter led to a greater pulmonary inflammatory
response than NPs with a diameter of 250 nm*. The
toxicity of TiO2 NPs on NRK-52E cells was already
demonstrated®’. The cytological observations in TEM
performed by Barillet et al.* clearly shows that NPs
are internalized into the cells by micropinocytosis or
caveolae-mediated endocytosis and are accumulated
in phagolysosomes. This cytological localization of
TiO, was mentioned in another study®', performed on
keratinocytes, that confirms the uptake of nanoparti-
cles in cells was restricted to phagosomes. Our results
corroborate those of Tucci and collaborators®' which
shows an accumulation of nanoparticles in the lyso-
somal compartment. By contrast, Tucci®' clams that
TiOz does not affect cell cycle phase distribution, nor
cell death, although our study demonstrates clearly
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that exposure to TiO2 nanoparticle interferes with cell
cycle (reduction of S-phase cells and mitotic index)
and induces cell apoptosis. These contradictory results
are probably due to the fact that the renal tubular cells
used in our model have a greater capacity of endocy-
tosis than the keratinocytes and also because we have
placed our cell cultures in contact with the nanoparti-
cles over a longer period of time.

In the present study, the use of a probe sonicator
allowed the agglomerates to be broken down and the
particles to be dispersed more uniformly in the aque-
ous suspension. This method meant that a mean size
of TiO2 NPs in the nanoscale range of 34 +9 nm could
be obtained. These ultrafine TiO> NPs can be endo-
cytosed and fused with lysosome, which then leads to
lysosomal thesaurismosis and the destruction of these
organelles. Agglomerates of NPs are shown in the cy-
toplasm because they are internalised and confined
into phagolysosomes where nanoparticles could form
macroscopic aggregates. The presence of vesicles full
of TiO2 NPs, probably phagolysosomes, in the cyto-
plasm of NRK-52E cells can certainly perturb cellular
division by preventing the formation of the mitotic
spindle and could consequently explain the decrease of
the mitotic index evidenced in exposed cultures. This
observation was in agreement with a previous study
in which the presence of large TiO> cytoplasmic ves-
icles was also observed®?. They demonstrated that the
internalisation of NPs is size-dependent. Indeed, small
particles (30 nm) were internalised into the cytoplasm
whereas bigger particles (500 nm) remained outside the
cells. Disturbing the assembly of mitotic spindle mi-
crotubules affects both chromosome segregation and
cytokinesis, resulting in aneuploidy, which can lead to
cell death or genomic instability. In our study, the im-
pact of TiOz on mitotic indexes was only statistically
significant after 48 h. 48 h also corresponds to the time
interval where the number of intracytoplasmic ag-
gregates of TiO; per cell reaches its maximum which
could explain that these numerous accumulations
could interfere with the establishment of the mitotic
spindle. The negative impact observed after 48 h could
also be explained by the fact that at 48 h the cells were
in the exponential growth phase. This observation is
to be related to the significant decrease of S-phase cell
number observed after 24 and 48 hours of exposure
to nanoparticles of TiOz. It is possible that the oxi-
dant stress disrupts DNA replication capacity during S
phase. The toxic effects of TiO2 on the number of cells
in S phase and mitotic index are less evident when the
cells reach confluence after 72 and 96 h. However, at
this stage the nanoparticles induce a significant in-
crease in the rate of apoptosis. The increase of apop-
tosis could results from mitochondrial alterations as

evidenced by Tucci and collaborators®' or from genetic
damages highlighted by DNA double strand breaks de-
tected by alkaline comet assay and the immunostaining
of y-H2AX foci®.

In the present study TiO2 macroscopic aggregates
were not detected inside nucleus. These results sug-
gest that TiO2 NPs cannot pass massively through the
nuclear pores to accumulate inside the nucleus. How-
ever, a limited passage of TiO2 nanometric particles
in the nuclear compartment could not be excluded. In
this context, it was reported that it is possible for NPs
to get into the nucleus under certain conditions®®. This
nuclear distribution is contested in another study’' at-
testing that TiO nanoparticles did not enter into the
nucleus or any other cytoplasmic organelles except
phagolysosomes. When cells are exposed to TiO» NPs,
there is an increase in the proportion of cells that are
stopped in G2/M in a concentration-dependent manner
after 24-hour exposure’. It is well known that ROS
interacts with DNA, disrupts replication and could
induce apoptosis. The production of ROS evidenced
in this study may explain the decrease in the percent-
age of BrdU positive cells (S-phase cells) and conse-
quently the increase of apoptotic figures. By contrast,
a decrease of apoptotic cells per field after treatment
with TiO> NPs in a gastric epithelial cell line using the
TUNEL method was reported®. The study also high-
lights the production of ROS and the increase of oxi-
dative stress determined by measuring oxidised gluta-
thione (GSSG) in cells treated with 150 pg/mL of TiO»
NPs compared to controls. Unlike in this present study,
the authors noted an increase of proliferation cells™.
In the aforementioned in vivo study, alterations of the
balance between cell proliferation and apoptosis may
reflect a mechanism of carcinogenesis.

The large surface area of NPs increases their capac-
ity to produce ROS*. ROS have been implicated in
the activation of transcription factors, such as NF«B,
which plays an important role in mRNA transcription
coding for antioxidant enzymes. This allows the cell to
restore the imbalance between oxidating and antioxi-
dating molecules.

NF«B plays also a role in the activation and phos-
phorylation of the mitogen activated protein kinase
(MAPK) family leading to increased gene transcrip-
tion. This process results in chromatin remodelling and
expression of a range of proinflammatory and antioxi-
dant genes involved in several cellular events, such as
cell differentiation, apoptosis and proliferation. ROS
production was investigated by nuclear migration of
NF«B detected by immunofluorescence”’. Under ac-
tion of a stimulus, it is able to migrate to the nucleus.
However, it was suggested that the NF-«xB is always
present in very low concentration in the nucleus, even
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if there is no stimulation®®. The activity of NF-kB is
regulated by interaction with inhibitory IxB proteins™.
The interaction between both proteins blocks the abil-
ity of NF-kB to bind to DNA and results in the NF-
«B complex being in the cytoplasm. As described in
the literature, translocation of NF-kB is an important
step in the coupling of extracellular stimuli to the tran-
scriptional activation of specific target genes. NF-«kB
is activated by pro-inflammatory cytokines (TNF-a.,
IL-1a), bacterial toxins (exotoxin B), viral products
(Herpes Simplex, HIV-1) and cell death stimuli (such
as Oo-free radicals, UV light and y-radiations)***'. In
the present study, the ROS produced by the exposure
to nanoparticles induced activation of the Nuclear Fac-
tor kB (NF-kB) pathway as demonstrated by the trans-
location of NF-kB protein from the cytoplasm to nu-
cleus. Barillet and collaborators™ have also evidenced
an oxidative stress induced by TiO> in NRKS52E. In
this study, the presence of ROS was evidenced by the
increasing fluorescence of 2',7'-dichlorodihydroflu-
orescein diacetate acetyl ester. This method is com-
plementary to that used in our study. Another study'’
assessed also that TiO» NPs are able to generate ROS
in two renal cell lines with a method based on the pro-
duction of 2',7" dichlorofluorescein (DCF). However,
no nuclear translocation of NF«xB with TiO, NPs was
reported, whereas it was the case with ZnO and Cds®.
They noted that cells were able to maintain their anti-
oxidant potential when they were exposed to TiO2 NPs
for 1 hour. In this study, the duration of exposure was
longer and could explain the translocation of NF«xB
in the nuclear compartment. The release of inflamma-
tory mediators from epithelial cells and macrophages
was blocked by a mechanism involving the increase
of intracellular glutathione and decrease of NF«B ac-
tivation*>. 4-HNE has an anti-proliferative effect. In-
deed, rapid proliferation is accompanied by low level
of lipid peroxidation*. This mechanism is partly due
to low level of peroxidizable fatty acids in intensively
proliferating cells. 4-HNE is able to reduce the prolif-
erative capacity of HL-60 Human promyelocytic leu-
kemia cells and induces the same effect on K562 cell
line, derived from a patient with chronic myeloid leu-
kemia**°. The control of apoptosis is affected by ROS
and by various products of lipid peroxidation such as
4-HNE. HNE treatment caused glutathione depletion
which led to an enhanced apoptosis in PC12 rat phae-
ochromocytoma cells*®. This apoptosis is due to an
activation of caspases by glutathione depletion. These
data are consistent with the results obtained during
this study. Indeed, the proliferation of NRK52E cells
exposed to TiO, nanoparticles decreased over time. A
massive apoptosis is also observed in treated cells.

In conclusion, physical characteristics were noted,

such as the fact that size of NPs plays a major role in
their toxicity. These NPs are already present in the cy-
toplasmic compartment of the cells after 24 hours of
exposure. It has been demonstrated that TiO> NPs de-
crease mitosis and cell proliferation and increase apop-
tosis. These results show clearly that TiO> NPs cause
oxidative stress. ROS production and reduced-gluta-
thione (GSH) depletion is probably one of the major
causes leading to the apoptotic processes. This study
demonstrates that renal tubular cells have a high ca-
pacity of capture and internalisation of the titanium
oxide nanoparticles. In consequence, this kind of cell
could be considered as an important target where the
toxicity of this compound is exacerbated. This study
means that more can be learnt about the TiO, NPs cy-
totoxicity on renal tubular cells. As perspectives, it
would be interesting to explore the nephrotoxicity in
vivo to well understand the behaviour of NPs in a com-
plex and dynamic system.

Material & Methods

TiO, NP preparation

The nanoparticles used in this study were titanium
(IV) oxide, anatase with a purity of 99.7%, based on
trace of metal analysis obtained from Sigma Aldrich.
A stock suspension was prepared in phosphate buffer
saline (PBS) (2 mg/mL). Before each application on
culture cells, NPs were sonicated in a sonication bath
at a frequency of 40 kHz and a power of 600 W (Sono-
matic 300) for 15 minutes. All NPs preparation was
done under sterile conditions. A volume of 10 pL of
nanoparticle stock solution (2 mg/mL) was added per
mL of culture medium to obtain a final concentration
of 20 pg/mL in contact with treated cells. A volume of
10 pL. of vehicle (BPS) was added per mL of culture
medium in control cultures. The culture medium was
not changed during the incubation periods of 24, 48,
72 and 96 hours.

Cell cultures

All experiments were performed on the established cell
line NRK52E (normal rat kidney tubular cells) cultured
at 37°C in a cell incubator with humid atmosphere at
5% COz (Nuaire, 5500E). Cells were propagated in
75-cm? flasks containing DMEM supplemented with
10% foetal calf serum (FCS), 20 mM N-2-hydroxyethyl-
piperazine-N'-2-ethanesulfonic acid, 100 U/mL peni-
cillin, 100 pg/mL streptomycin and 0.25 pg/mL ampho-
tericin B. Cells were passed once a week with a renewal
of the culture medium 2 days after seeding. For pas-
sages, cells were dislodged from the vessel bottom by
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trypsin/EDTA. For immunohistochemistry, 12-well
plates containing sterile round glass coverslips (12 mm
diameter) were seeded with NRK52E cells at a density
of 0.5 % 10* cells/cm?. Concentrations of cells in sus-
pension were measured in a model ZI electronic cell
counter (Coulter Electronic, Luton, UK)

Size distribution

Four methods of particle dispersion were tested: 1)
bath sonicator (sonomatric 300 CeBeCo®, Germany;
600 W) 1 run of 90 minutes, ii) the same protocol but
fractioned in 3 runs of 30 minutes, iii) probe sonicator
(UP200S, dr.Hielscher Ultrasound technology (GmbH),
50/60 Hz; 230 V) 1 run of 90 minutes, iiii) the same
protocol but fractioned in 3 runs of 30 minutes. The
average aggregate size of TiO, NPs was evaluated by
dynamic light scattering (DLS) using a Malvern Zeta-
sizer Nano ZS instrument. DLS is a spectroscopy tech-
nique which is used to determine the size distribution
profile of small particles in suspension. A laser light
is shot through a polariser and then into the sample of
particles in suspension. The scattered light then goes
through a second polariser where it is collected by a
photomultiplier and the resulting image is projected
onto a screen. The resulting spectrum is analysed by the
Stokes-Einstein equation which provides the hydro-
dynamic radius of the particles: Rn=KpT/67 15D
(where Kp is the Boltzmann constant, 1 the fluid
viscosity and D the diffusion coefficient). NPs were
suspended in PBS and dispersed by ultrasound (bath
or probe sonicator) as detailed previously. The results
obtained with DLS were confirmed using transmission
electron microscopy (TEM). A droplet of suspension
was deposited on 75 mesh gold Formvar coated grids
and air-dried. Nanoparticle aggregates were observed
in a Zeiss LEO 906E Electron microscope at 80 kV.
Morphometric software (KS400, Zeiss, Germany) was
used to determine the size distribution of the nanopar-
ticle aggregates. The stability of aggregates in suspen-
sion was evaluated by measure of turbidimetry using a
Turbiscan Lab Expert (Formulaction, France).

Evaluation of cell growth and apoptosis

To assess cell growth or apoptosis, the number of mi-
totic figures or apoptotic nuclei was counted on five
microscopic fields, picked at random, per culture slide
at 400X magnification. Cell proliferation was also
evaluated after the incorporation of BrdU (3 ug/mL
culture medium) into the culture medium, 2 hours be-
fore cell fixation. BrdU is an analogue of thymidine
that can be incorporated into DNA during the S-phase
of the cell cycle (DNA replication). BrdU positive
cells were detected by immunohistochemistry using a

monoclonal anti-BrdU antibody (Dako, Glostrup, Den-
mark). The procedure was applied to cell cultures after
fixation in paraformaldehyde 4% for 15 minutes as de-
tailed in a previous publication'®. Briefly, culture slices
were treated for 30 minutes with a 3 M HCI solution at
60°C. After rinsing, culture cells were preincubated for
20 minutes in a 0.01% caseine solution in PBS buffer.
Thereafter, cells were incubated for 1 hour in the pres-
ence of mouse monoclonal anti-BrdU antibodies (1 :
20) at room temperature. This was followed by a 30-
minute exposure to anti-mouse/peroxidase complexes
(ImmPressTM Reagent Kit; Vector, Burlingame, CA).
Bound peroxidase activity was visualized by incuba-
tion in the presence of 3.3'-diaminobenzidine (DAB)
and 0.02% H>0O> in PBS. Finally cell preparation were
counterstained with Mayer’s hemalun and mounted in
permanent medium. The number of S-phase cells was
counted on 5 microscopic fields picked at random per
slide at high magnification 400X representing a total
scanned surface of 105,000 um?* and approximately
2,500 cells per culture. Measures were done on 4 in-
dependent cultures corresponding to a total of approx-
imately 10.000 cells. For each time point, 4 no-treated
cultures were analyzed following a similar procedure
and were used as controls. For each time point, the
mean was calculated on four independent cultures and
data presented as histogram + SEM. Equivalent proce-
dures were done to evaluate the mitotic index as also
the number of apoptotic cells.

Evaluation of intracytoplasmic NPs aggregates

For each culture, the number of cytoplasmic aggre-
gates per cell as also the area occupied by nanoparticle
aggregates per cell was quantified by morphometric
analysis at high magnification (400x). The procedure
utilized a hardware consisting of a Zeiss Axioplan mi-
croscope equipped with a ProgRest®-C10plus colour
camera connected to an IBM PC, and a software de-
signed for morphometry and colour analysis (KS 400
Imaging system, Carl Zeiss Vision GmbH, Miinchen,
Germany). This image analysing system was able to
discriminate intracytoplasmic inclusions of TiO> on
the basis of difference of colour and contrast. For each
culture, 5 microscopic fields were picked at random
representing a total scanned surface of 105,000 pm?
and approximately 2,500 cells. The number of TiO»
inclusions was quantified and the surface occupied
by intracytoplasmic aggregates of TiO: per cell was
calculated. For each time point, measures were done
on 4 independent cultures corresponding to a total of
approximately 10.000 cells scanned. Results were pre-
sented under box plots.
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Detection of ROS production

To investigate the occurrence of oxidative stress, nu-
clear migration of NF«xB was detected by immunofluo-
rescence using a rabbit polyclonal anti-NFxB antibody
(Abcam, Cambridge, UK). Cells were permeabilised
in PBS containing 0.1% Triton-X-100 three times for
5 minutes and were incubated in blocking solution
(casein 0.05%) for 15 minutes to avoid false-positives.
Primary antibodies (anti-NF«xB) were diluted at 1 : 50
in PBS/casein 0.05%. Incubation with the primary an-
tibody was performed for 1 hour, followed by three
washes in PBS/Triton 0.1%, for 5 minutes each. This
was followed by a 30-minute exposure to anti-rabbit/
peroxidase complexes (ImmPress™ Reagent Kit; Vec-
tor, Burlingame, CA), a rabbit anti-peroxidase (1 : 200
in PBS/casein 0.1%) and an anti-rabbit biotinylated
antibody (1 : 50 in PBS/casein 0.1%, Dako, Glostrup,
Denmark). Cells were rinsed three times for 5 minutes
between each antibody. Finally, the preparations were
incubated in the fluorescent dye Texas Red/Streptavidin
(1:50 in PBS, Vector Laboratories, Burlingame) for 30
minutes, rinsed again in PBS and distilled water for 5
minutes, and mounted in Vectashield mounting medium
with Dapi (Vector Laboratories, Burlingame). The in-
tensity of fluorescence was measured with the software
Imagel (a public domain image software developed
by Rasband W. at the Research Service Branch of the
National Institute of Mental Health, NIH). Results ex-
pressed the average of nucleocytoplasmic report (N/C)
of fluorescence intensity. The nucleocytoplasmic report
(N/C) was performed on 5 microscopic fields picked
at random per slide at high magnification 400X repre-
senting a total scanned surface of 105,000 um? and
approximately 2,500 cells per culture. Measures were
done on 4 independent cultures corresponding to a to-
tal of approximately 10.000 cells. For each time point,
4 no-treated cultures were analyzed following a simi-
lar procedure and were used as controls. For each time
point, the mean was calculated on four independent
cultures and data presented as histogram £ SEM. A
second method using a rabbit polyclonal 4-Hydroxy-
nonenal antibody diluted at 1: 75 (Abcam, Cambridge,
UK) was used to highlight an oxidative stress by im-
munofluorescence following the method described
above for NFkB. The 4-Hydroxynonenal is a marker
of lipid peroxidation. The intensity of the fluorescent
signal recorded in the different groups was evaluated
using image processing software (KS 400 imaging sys-
tem, Carl Zeiss vision, Hallbergmoos, Germany) Mea-
sures of immunofluorescence intensity were done on
4 independent cultures corresponding to a total of ap-
proximately 10.000 cells. For each time point, 4 no-
treated cultures were analyzed following a similar pro-

cedure and were used as controls. For each time point,
the mean was calculated on four independent cultures
and data presented as histogram = SEM.

Statistical analysis

To study the number of S-phase cells, the mitotic in-
dex, the number of apoptotic cells and the ROS pro-
duction, each of these parameters were performed on 4
independent cultures for each time point. For each time
point, 4 no-treated cultures were analysed following a
similar procedure and were used as controls. Results
are expressed as means = SEM of four independent
cultures and presented as histogram. Comparison of
the means between cultures exposed to TiO> and con-
trol cells (normalized at 100%) was performed using
Student’s t-test. For all experiments, P values <0.05
were considered as significant.

The morphometric analysis of the number of intra-
cytoplasmic TiO> inclusions per cell as well as the area
occupied by these inclusions per cell was also per-
formed on 4 independent cultures for each time point.
In this case, the distribution of data is not Gaussian
and a no-parametric test (Mann-Whitney) was used in
order to compare the experimental data in function of
time exposure, P values <0.05 were considered as sig-
nificant.
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